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Abstract 
Flexural strengthening of reinforced concrete (RC) structures with externally bonded (EB) carbon 
fibre reinforced polymers (CFRP) plate has become increasingly popular over the last several decades, 
primarily due to the many advantages like a high strength-to-weight ratio, excellent corrosion 
resistance, and ease of installation. In EB CFRP strengthened RC structures, the effectiveness of the 
strengthening system largely depends on the interfacial shear stress transfer mechanism of the bonded 
interface. Extensive research has revealed that knowledge of the local bond shear stress-slip (bond-
slip) relation is vital in understanding and modelling the behaviour of CFRP-to-concrete bonded joints 
under mode II loading (i.e. interfacial shear loading). Theoretical models have been developed to 
predict both the local bond-slip relationship and bond strength, and hence the full-range behaviour of 
CFRP-to-concrete bonded joints under mode II loading. Bond-slip models for modelling the 
constitutive behaviour of the bonded interface assume that the interfacial shear slip will reduce to 
zero when unloaded to zero shear stress (i.e. damage elasticity). 
While extensive research has been carried out on the behaviour of CFRP-to-concrete bonded joints 
under monotonic loading, the behaviour under different loading conditions, such as quasi-static cyclic 
loading, fatigue loading and thermal loading, has received much less attention. These loading 
conditions are quite common in structures such as bridges. Therefore, a sound understanding of 
CFRP-to-concrete bonded joints under cyclic and thermal loading conditions is necessary.  
Limited existing experimental studies on CFRP-to-concrete bonded joints subjected to cyclic loading 
have revealed that the damage elasticity assumption commonly made in bond-slip models is 
inaccurate, and may yield erroneous results when used to model the behaviour under cyclic loading. 
Theoretical models currently available for modelling the constitutive behaviour of CFRP-to-concrete 
bonded joints under cyclic loading lack sufficient experimental evidence for verifying the underlying 
assumptions. Limited studies available on the behaviour of CFRP-to-concrete bonded joints at 
elevated temperatures have shown that the failure mode of the bonded joints may change from 
cohesion failure within the concrete to cohesion failure within the adhesive. However, no in-depth 
study has been carried out in investigating how the change of adhesive mechanical properties may 
affect the behaviour of CFRP-to-concrete bonded joints. 
Against this background, the work presented in this thesis investigates the behaviour of CFRP-to-
concrete bonded joints under quasi-static cyclic loading, fatigue cyclic loading and elevated 
temperature conditions.  
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The behaviour of CFRP-to-concrete bonded joints under both quasi-static cyclic and fatigue cyclic 
loadings was investigated experimentally through a carefully designed series of single-shear pull-off 
tests. Experimental results showed that a) the damage elasticity assumption is incorrect, b) the failure 
mode of bonded joints could change from cohesion failure within the concrete to FRP delamination 
or cohesion failure within the adhesive layer as a result of fatigue cyclic loading, and c) the failure 
mode is sensitive to the loading amplitude, concrete strength and as well as the CFRP laminate used 
in the bonded joints. A damage plasticity model was proposed, where damage was defined as a 
function of the ratio between the energy dissipated in the loading process and the total fracture energy. 
Data from samples failed in concrete under fatigue loading was used to develop a damage 
accumulation relation with respect to the load amplitude and the damage parameter. 
Analytical and experimental investigations were carried out to study the behaviour of CFRP-to-
concrete and CFRP-to-steel bonded joints under elevated temperatures. CFRP-to-steel bonded joints 
were selected to isolate the failure mode to cohesion failure within the adhesive, so that the effect of 
temperature on adhesive mechanical properties, and thus the bond behaviour could be investigated. 
Analytical and experimental investigations revealed that a) the bond strength of bonded joints 
between two intermediate cracks increased due to the initial shear stress induced by the different 
thermal expansion coefficients of CFRP and the substrates, b) the bond strength of CFRP-to-steel 
bonded joints increased with temperature until the heat deflection temperature of the adhesive was 
reached, c) for bonded joints with sufficiently long bond length, the ultimate load depends only on 
the fracture energy of the final temperature, and d) the maximum load of the bonded joints depends 
on the ratio between the loading and heating rates.  
The present work provides the following key contributions to the knowledge of the bond behaviour 
of CFRP-to-concrete or steel joints under different loading conditions: a) an accurate bond-slip model 
for CFRP-to-concrete bonded joints under quasi-static cyclic loading, b) an accurate damage 
accumulation model for CFRP-to-concrete bonded joints under mode II fatigue cyclic loading, c) 
insight into the effects of adhesive mechanical properties at elevated temperatures on the behaviour 
of bonded joints, and d) insight into the effect of key parameters such as temperature dependent 
interfacial fracture energy, bond length and loading/heating rates on the behaviour of CFRP-to-steel 
bonded joints at elevated temperatures. These findings significantly advance the knowledge on the 
long-term performance of FRP strengthened structures. 
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Chapter 1.  Introduction 
1.1 Background 
Over the past several decades, the use of fibre-reinforced polymer (FRP) composites to strengthen 
concrete structures has gained wide acceptance within the civil engineering community primarily due 
to their unique advantages over alternative strengthening methods. Such advantages include high 
specific strength and stiffness, excellent resistance to corrosion, ease of construction due to their 
lightweight nature, and when used in fabric form, flexibility in shape, meaning that they can be 
bonded to curved surfaces with ease. 
The most commonly used FRP composites include aramid fibre-reinforced polymer (AFRP), basalt 
fibre-reinforced polymer (BFRP), carbon fibre-reinforced polymer (CFRP), and glass fibre-
reinforced polymer (GFRP) composites. These FRP composites are made by embedding continuous 
aramid, basalt, carbon or glass fibres in a resin (e.g. epoxy, polyester, vinyl ester, etc.) matrix. The 
mechanical properties of an FRP composite depends on both the individual properties of the fibre and 
the resin matrix. The elastic modulus and the strength (in fibre direction) of the most commonly found 
AFRP, BFRP, CFRP and GFRP composites are given in Table 1.1 (Daniel and Ishai, 2006, Altalmas 
et al., 2015). FRP composites exhibit a linear-elastic stress-strain response before failure by brittle 
rupture. This linear elastic tensile stress-strain behaviour and brittle rupture behaviour have 
significant implications on the structural applications of FRP composites in civil engineering 
structures. More details on FRP composites and their mechanical properties can be found in Daniel 
and Ishai (2006), Hollaway (2001) and Hollaway and Teng (2008). 
1.2 Use of FRP in civil infrastructure 
FRP composites have been used extensively in the strengthening of concrete structures (Hollaway 
and Head, 2001, Hollaway and Teng, 2008). Considering the high elastic modulus and high tensile 
strength of FRP composites compared to that of concrete, the use of FRP composites with concrete 
provides a clear advantage in resisting tensile forces. As such, FRP is used extensively in flexural and 
shear strengthening of concrete structures as well as providing confinement to concrete columns.  
FRP composites possess a high strength-to-weight ratio compared to that of other commonly used 
construction materials. This high strength-to-weight ratio can lead to significantly less construction 
efforts, increased speed of construction, reduced disturbances to services, and hence reduced 
economic losses due to these disturbances to services. Shape flexibility of FRP composites allows for 
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strengthening of structures with curved or irregular surfaces (Teng and Lam, 2002, Hadi, 2007, Wong 
et al., 2008, Pallarés et al., 2011, Yu et al., 2011, Siddiqui et al., 2014, Mostofinejad and Hajrasouliha, 
2018, Pohoryles et al., 2018). This is difficult to achieve through other strengthening solutions such 
as attaching steel plates. FRP composites are typically attached to structures using adhesive bonding, 
making their application relatively easy compared to other commonly used attaching methods such 
as bolting. While steel plates could also be attached to structures using adhesive bonding, it is less 
attractive due to: a) heavy weight and shape inflexibility, and b) for the same tensile capacity, a steel 
plate has a much higher flexural stiffness than an FRP laminate which can lead to higher interfacial 
peeling stresses between the steel plate and the substrate, hence increasing the risk of premature 
debonding failures.  
Amongst the different types of FRP composites, the most commonly used FRP composites for 
strengthening of concrete structures are CFRP, GFRP and AFRP composites. For applications where 
strength enhancement is of concern, the use of CFRP is preferred over GFRP and AFRP due to the 
notably higher elastic modulus of CFRP. However, for applications where ductility enhancement is of 
concern, GFRP or AFRP are more attractive due to their higher strain capacity and lower cost over 
CFRP.  
1.3 Objective and Scope 
For structures strengthened with externally bonded (EB) FRP, the effectiveness of the strengthened 
system relies on the interfacial shear stress transfer through the bonded interface. As such, the 
performance of the bonded interface under interfacial shear stresses becomes critically important. A 
sound understanding of the behaviour of bonded interfaces under interfacial shear loading is therefore 
a necessary first step towards better understanding of the performance of bonded interfaces under 
interfacial shear stresses and thus the performance of the EB FRP strengthened structure.  
Extensive research has been carried out to understand the behaviour of FRP-to-concrete and FRP-to-
steel bonded joints under quasi-static monotonic loading (referred to as “monotonic loading” 
hereafter for simplicity) (Täljsten, 1996, Hollaway and Leeming, 1999, Yao et al., 2005, Au and 
Büyüköztürk, 2006, Chen and Pan, 2006, Ferracuti et al., 2007, De Lorenzis and Zavarise, 2008, 
Fernando et al., 2010, Yu et al., 2012, Fernando et al., 2013). These studies have shown that the 
essential difference between FRP-to-concrete and FRP-to-steel bonded joints is the location of the 
failure surface, where in the former it is likely to occur within concrete while in the latter it is likely 
to occur within the adhesive layer. Nevertheless, the underlying concepts of bond behaviour such as 
bond-slip behaviour, interfacial fracture energy and effective bond length are equally applicable to 
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both types of bonded joints (Yuan et al., 2004, Teng et al., 2012, Fernando et al., 2014). Since the 
failure for FRP-to-concrete bonded joints is typically within concrete, the mechanical properties of 
concrete may significantly influence the bond behaviour and thus the bond performance. However, 
existing studies have shown that at elevated temperatures the failure mode of FRP-to-concrete bonded 
joints may change to cohesive failure within the adhesive (Blontrock, 2003, Klamer et al., 2005a). In 
such cases, the mechanical and thermal properties of the adhesive may influence the behaviour of 
FRP-to-concrete bonded joints.  
While extensive work has been carried out on understanding the behaviour of FRP-to-concrete joints 
under monotonic loading, and numerical analytical methods have been developed to accurately 
predict the behaviour of such bonded joints, little is known about the behaviour of CFRP-to-concrete 
bonded joints under cyclic and fatigue loading. In addition, few studies have been conducted on the 
behaviour of CFRP-to-concrete bonded joints under elevated temperature (Klamer et al., 2005b, Wu 
et al., 2005, Leone et al., 2009, Gao et al., 2012). However due to the complex failure process resulting 
in a change of the fracture surface from within concrete to within adhesive or adhesion failure at the 
bi-material interface, it was not possible to obtain a clear understanding on the behaviour of CFRP-
to-concrete bonded joints under elevated temperatures. FRP strengthened structures may be subjected 
to cyclic loading as well as temperature changes. Therefore, a sound understanding of the behaviour 
of FRP-to-concrete bonded joints under fatigue cyclic loading and changing temperature conditions 
is necessary before the true benefits of FRP strengthening of concrete structures can be utilized.  
Against this background, this thesis presents investigations into the behaviour of CFRP-to-concrete 
bonded joints under cyclic loading, and the behaviour of CFRP-to-steel bonded joints at elevated 
temperatures. CFRP-to-steel bonded joints were selected in this study to investigate the effect of 
elevated temperatures on bond behaviour of bonded joints failing in cohesion failure within adhesive. 
This is an important first step in understanding the more complex behaviour of CFRP-to-concrete 
bonded joints at elevated temperatures, where the fracture surface could change from within concrete 
to within adhesive.  
The systematic investigation presented in this thesis provides a sound knowledge on the assumptions 
made in existing constitutive models for modelling the bond behaviour of CFRP-to-concrete bonded 
joints, failure mechanisms of CFRP-to-concrete bonded joints under cyclic loading, and behaviour of 
CFRP-to-steel bonded joints at varying temperatures. A combined experimental, analytical and 
numerical approach was employed in the present PhD research project. The topics covered in this 
thesis are summarized as follows. 
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A comprehensive literature review on the topics covered in the PhD study is given Chapter 2. The 
literature review on the behaviour of CFRP-to-concrete bonded joints under cyclic loading revealed 
that, while extensive studies have been carried out on understanding the behaviour of CFRP-to-
concrete bonded joints under monotonic loading, only few studies have focused on the behaviour of 
CFRP-to-concrete bonded joints under fatigue cyclic loading. Existing theoretical bond-slip models 
were based on assumptions, which were never verified, which could have a significant influence on 
the final results. Existing knowledge of CFRP-to-concrete bonded joints at elevated temperature was 
found to be mainly focused on: a) Numerical investigations considering the thermal effect caused by 
differential expansion and contraction between FRP and the substrate; and b) Experimental 
investigations showing the possible change in failure mode due to an increase in temperature. Existing 
bond-slip models used in modelling the behaviour of CFRP-to-concrete bonded joints were found to 
ignore the change in failure surface. As the fracture energy is directly related to the fracture surface, 
any model ignoring the change in failure surface may not reflect the true change of fracture energy 
and thus the bond-slip behaviour. Since CFRP-to-steel bonded joints, where the failure mode can be 
controlled to be within adhesive, may provide an alternative to study the effect of elevated 
temperatures on bond-slip behaviour with an un-changed failure mode, a review on the existing work 
on CFRP-to-steel bonded joints is also presented.  
Chapter 3 presents an experimental study of the CFRP-to-concrete bonded joints under quasi-static 
cyclic loading. Single-shear pull-off tests of CFRP-to-concrete bonded joints under both monotonic 
and quasi-static loading were carried out to investigate the damage evolution under quasi-static cyclic 
loading. A detailed description of the test set-up, specimen preparation and testing procedure is 
presented. The bond-slip relation under both monotonic loading and quasi-static cyclic loading are 
extracted from the axial strain of the CFRP plate measured with a VIC-3D digital image correlation 
(DIC) system. The test results showed obvious damage plasticity behaviour when the unloading 
occurred within the softening range. A damage model based on the ratio between the energy 
dissipated in the plastic process and the total fracture energy is proposed to model the quasi-static 
cyclic bond behaviour of CFRP-to-concrete bonded joints. 
Chapter 4 mainly focuses on the fatigue bond behaviour of CFRP-to-concrete bonded joints. 13 
samples with different types of CFRP laminates and concrete strengths were manufactured and tested 
at different load amplitudes. A customized data acquisition (DAQ) system was developed to record 
strain distribution along the bond length in each cycle so that the strain distribution at force peaks and 
valleys could be captured. Results showed that the customized data acquisition system was successful 
in obtaining the required measurements in such fatigue tests. It was found that both the maximum 
load applied and the CFRP laminate affect the failure mode of such bonded joints under fatigue 
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loading. The failure mode can shift from cohesion failure within the concrete to CFRP delamination 
or cohesion failure within the adhesive, depending on the CFRP laminate and loading amplitude. 
Bond-slip relations were calculated in the same manner to that of single-shear pull-off tests under 
monotonic and cyclic loading. It was shown that the damage caused by fatigue loading can start to 
accumulate when the shear stress under fatigue loading reaches a certain fraction of the maximum 
shear stress under monotonic loading. This finding is important in practical design where the damage 
in concrete is not expected. 
In Chapter 5, a damage-accumulation-rate model with respect to the damage level and the loading 
amplitude was calibrated from the test data obtained from specimens having cohesion failure within 
the concrete. A framework of the proposed model under fatigue loading is first presented. A finite 
difference method (FDM) approach was used to implement the damage-accumulation-rate model to 
simulate the bond behaviour under fatigue cyclic loading. It is shown that the proposed model is 
capable of modelling the bond behaviour of CFRP-to-concrete bonded joints under mode II fatigue 
cyclic loading, where failure mode of the bonded joint is the cohesion failure within concrete. 
Chapter 6 presents a theoretical study on the bond behaviour of CFPR-to-concrete bonded joints 
between two intermediate cracks at elevated temperatures. In this study, it is assumed that the property 
of adhesive is not affected by elevated temperature and no damage is considered while unloading 
occurs. Although it is shown that the two assumptions noted above are not entirely accurate, the 
results of the study are still important in understanding the thermal effect on the bond behaviour for 
such bonded joints between two intermediate cracks at elevated temperatures. It is found that the 
difference in thermal expansion coefficient between CFRP and concrete can affect the bond strength. 
Chapter 7 focuses on the bond-behaviour of CFRP-to-steel bonded joints at elevated temperatures 
(32.5 oC, 45 oC, 55 oC and 70 oC). The sample preparation, test instrumentation and the test procedure 
are presented in detail. A customized heating blanket control program based on the control 
temperature on the steel plate allowed for a stable test temperature to be achieved. The temperature 
within the adhesive and on the steel plate was calibrated by thermal couples inside the adhesive layer 
and on the surface of the steel plate. It was found that there is no failure mode shift at elevated 
temperatures. Therefore, the bond-slip relation extracted from the axial strain of the CFRP plate 
measured by the ARAMIS DIC system will always show the constitutive behaviour change of 
adhesive under elevated temperatures subjected to mode II loading. The bond strength of CFRP-to-
steel bonded joints increased with temperature up until the heat deflection temperature (HDT) is 
reached, which is 47.5 oC for the adhesive used in this study. When the temperature was increased 
further, the bond strength showed a significant drop. Bond-slip relations at different temperatures 
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showed that the maximum shear stress and elastic stiffness decreased monotonically with increasing 
temperature. The maximum slip at full debonding however increased with temperature, which results 
in an increase in the fracture energy when the temperature is lower than HDT. The initial stress caused 
by the different thermal expansion coefficients of CFRP and steel was found to be low according to 
the strain measurement. The change in bond-slip relation at elevated temperature was found to play 
a profound role in terms of the overall bond behaviour. 
Considering the varying bond-slip relationships at elevated temperatures, a theoretical study was 
carried out in Chapter 8 to better understand the behaviour of CFRP-to-steel bonded joints at elevated 
temperatures. FDM was used to approximate the solution for CFRP-to-steel bonded joints subjected 
to thermal and mode II mechanical loading. It is found that when a varying bond-slip relation was 
used for CFRP-to-steel bonded joints at elevated temperatures; the bond behaviour with a sustained 
load and temperature change will be significantly different to that of the case when a constant bond-
slip relation is used. The length of the bond, ratio between the mechanical loading and thermal loading, 
as well as the fracture energy change trend was found to affect the overall bond behaviour. 
In Chapter 9, the conclusions drawn from this study are summarised for the CFRP-to-concrete bonded 
joints and CFRP-to-steel bonded joints under different loading conditions respectively. Lastly, 
recommendations of future research in this topic is also presented. 
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Table 1.1 Typical mechanical properties of different FRPs 
FRP type 
Tensile Elastic Modulus 
GPa 
Tensile Strength 
MPa 
Elongation at 
rupture, % 
AFRP 80 1400 1.5 
BFRP 50 1168 2.2 
CFRP 169 2240 1.3 
GFRP 41 1140 2.8 
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Chapter 2.  Literature Review 
2.1 Introduction 
This chapter presents a review of the existing knowledge on CFRP strengthened concrete and steel 
structures, where the interfacial shear stress transfer mechanism of the bonded interface is of critical 
importance.  
2.2 Behaviour of FRP-to-concrete bonded joints under monotonic loading 
Extensive studies have been carried out on the behaviour of FRP-to-concrete bonded joints under 
monotonic loading (Chajes et al., 1996, Täljsten, 1997, Chen and Teng, 2001, Yao et al., 2005). These 
studies have led to the development of theoretical models to predict the behaviour of FRP-to-concrete 
bonded joints (Chen and Teng, 2001, Yuan et al., 2004, Dai et al., 2005, Lu et al., 2005, Seracino et 
al., 2007, Zhou et al., 2010). These include models to predict the ultimate load (referred to as “bond 
strength” hereafter) (Chen and Teng, 2001, Lu et al., 2005), effective bond length (Chen and Teng, 
2001, Yuan et al., 2004, Seracino et al., 2007), bond-slip behaviour (Lu et al., 2005, Ueda and Dai, 
2005, Zhou et al., 2010), and full-range behaviour (Yuan et al., 2004) of FRP-to-concrete bonded 
joints under mode II loading. Amongst these, bond-slip models which depict the relationship between 
interfacial shear stress and slip are commonly used to model the constitutive behaviour of FRP-to-
concrete bonded interfaces (Yuan et al., 2004, Lu et al., 2005). While bond-slip models of various 
shapes were developed, the bilinear model, which is the simplest amongst existing bond-slip models, 
is the most widely used (Obaidat et al., 2013). A bilinear bond-slip model consists of a linear 
ascending branch and a linear softening branch (Figure 2.1). The softening branch of the bilinear 
bond-slip model represents the progressive damage of the bonded interface due to the accumulation 
of micro cracking. In such a bond-slip model, the reduction of stiffness due to damage is defined 
using a damage parameter, D , which varies from 0 (before the onset of damage) to 1 (at the onset of 
debonding). In defining this damage parameter, it is assumed that during the softening stage the 
interfacial shear stress will unload linearly to zero at zero slip. With this assumption, the damage 
parameter is calculated as: 
 
 
 
1
1
f
f
D
  
  



  (2.1) 
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Where 1  and f  are the slip values corresponding to slip at the onset of softening and slip at the 
onset of debonding respectively, as shown in Figure 2.1.   is the slip value where damage is 
calculated.  
A typical load-displacement behaviour of an FRP-to-concrete bonded joints obtained through a 
single-shear pull-off test (Figure 2.2a) with a sufficiently long bond length is given in Figure 2.2b. 
The bond strength is typically reached when the debonding initiates at the loaded end. Once the bond 
strength is reached, debonding gradually propagates away from the loaded end, thus increasing the 
loaded end displacement (Yuan et al., 2004), however no further increase in the bond strength will 
result. The minimum length required to achieve the bond strength is called the effective bond length, 
commonly denoted by eL .  
For an FRP-to-concrete bonded joints with a bond length exceeding eL , the bond strength is given 
by the equation (Chen and Teng, 2001): 
 2u p p p fP b E t G   (2.2) 
Where 
pb  is the width of the FRP plate, pE  and pt  are the elastic modulus and thickness of the FRP 
respectively, and 
fG  is the interfacial fracture energy, which is equal to the area under bond-slip 
curve. 
In modelling the debonding of FRP-to-concrete bonded joints and FRP-plated beams under 
monotonic mode II loading, both strength based approaches (Roberts and Hajikazemi, 1989, Shen et 
al., 2001, Smith and Teng, 2001) and fracture energy based approaches (Täljsten, 1996, Leung, 2001, 
Rabinovitch and Frostig, 2001, Gunes et al., 2009) have been used. However, it has been shown that 
fracture energy based approaches are superior to strength based approaches in predicting debonding 
failures accurately (De Lorenzis and Zavarise, 2008). It is clear from Equation (2.2) that bond strength 
depends on the interfacial fracture energy of the FRP-to-concrete bonded joints, rather than the 
maximum interfacial shear stress (called “bond shear strength” here after). This also explains why 
fracture energy based approaches are better performing than strength based approaches in predicting 
debonding failures. 
Majority of the existing studies on FRP-to-concrete bonded joints under monotonic loading have 
focused on the behaviour under mode II loading. This is justified as bonded joints should be designed 
to transfer loads pre-dominantly in mode II where possible, considering the interfacial fracture energy 
of bonded joints tends to be much higher in mode II than mode I.(De Lorenzis et al., 2013). Yao et 
al. (2005) carried out a series of experiments on single-shear pull-off test specimens with inclined 
loading, inducing both Mode I and mode II loading within the FRP-to-concrete bonded interface. It 
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was found that the bond strength tends to reduce as the ratio of mode I to mode II loading increased. 
Mixed-mode cohesive laws are typically used to model the behaviour of the FRP-to-concrete bonded 
interfaces under mixed mode loading (De Lorenzis et al., 2013). In such models, the traction-
separation behaviour of the bonded interface under Mode I loading is also assumed to be bilinear.  
2.3 Bond behaviour of FRP-to-concrete bonded joints under quasi-static cyclic loading and 
fatigue loading 
Repeated loading can generally be categorized into two types based on the load level and number of 
loading cycles before failure: a) low-cycle fatigue loading, and b) high-cycle fatigue loading. Low-
cycle fatigue loading means a small number of quasi-static loading cycles at a high load level (a load 
level close to the bond strength) are applied (Lee and Barr, 2004, Klamer et al., 2008, Carloni et al., 
2012). This type of loading will be referred to as cyclic loading hereafter for simplicity. High-cycle 
fatigue loading means a large number of fatigue loading cycles are applied at a lower loading levels 
(a load level much smaller than the bond strength) (Lee and Barr, 2004, Klamer et al., 2008, Carloni 
et al., 2012). This type of loading will be referred to as fatigue loading hereafter for simplicity. For 
FRP-to-concrete bonded joints under monotonic loading, the dominant failure mode is cohesion 
failure within the concrete a few millimetres beneath the adhesive-concrete bi-material interface 
(Yuan et al., 2004, Yao et al., 2005). Existing experimental studies on the fatigue performance of 
FRP-to-concrete bonded joints also showed that in majority of the cases cohesion failure within 
concrete dominates the debonding failures (Yao, 2005, Ali-Ahmad et al., 2006, Corr et al., 2007, 
Mazzotti et al., 2008, Mazzotti et al., 2009, Carrara et al., 2011). As such, understanding the damage 
of concrete under fatigue loading is important in understanding the damage process of FRP-to-
concrete bonded joints under fatigue loading. The fracture progress of concrete depends on the 
loading type, i.e. cyclic loading or fatigue loading. For cyclic loading, cracks formed by the matrix 
fracture dominate the failure of concrete. Under fatigue loading, the cracks are often formed through 
the micro-cracking at the interface between the aggregate and the matrix (Hsu, 1984). Therefore, the 
deterioration of concrete under cyclic loading could be different to that under fatigue loading.  
Many researchers have studied the performance of FRP-to-concrete bonded joints under 
cyclic/fatigue loading using either reinforced concrete (RC) beam tests (Shahawy and Beitelman, 
1999, Gheorghiu et al., 2006, Harries et al., 2006, Gheorghiu et al., 2007, Kim and Heffernan, 2008, 
Al-Rousan and Issa, 2011, Ferrier et al., 2011, Yu et al., 2011) or single-shear pull-off test (Bizindavyi 
et al., 2003, Ko and Sato, 2007, Mazzotti and Savoia, 2009, Wu et al., 2010, Nigro et al., 2011, Carloni 
et al., 2012, Li et al., 2014, Zhang, 2016, Zhang, 2017, Li et al., 2018).  
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Load-deflection curves obtained through tests on FRP plated RC beams under fatigue loading are 
often used to indicate the performance of the strengthened beam. During the testing of FRP plated 
RC beams under fatigue loading, an increase in mid-span deflection with an increase in loading cycles 
was observed, indicating a reduction in stiffness (Harries et al. (2006) Yu et al. (2011), Gheorghiu et 
al. (2006) Al-Rousan and Issa (2011)). However, the ultimate load-carrying capacity of the FRP 
plated RC beams under fatigue cyclic loading was found to be similar to that of FRP plated RC beams 
tested under monotonic loading, indicating minimal effect due to fatigue loading on ultimate bond 
strength. The governing failure of the FRP plated RC beams under post-fatigue monotonic loading 
was found to be concrete crushing failure. Therefore, under such loading conditions, the maximum 
load-carrying capacity of FRP plated RC beams is unlikely to be significantly affected by the 
debonding failure. In FRP plated RC beams tested under fatigue loading until failure, most specimens 
exhibited a rupture of the internal reinforcing steel followed by the FRP debonding and the crushing 
of concrete (Al-Rousan and Issa, 2011). FRP debonding prior to the reinforcement rupture occurred 
however when the beam was subjected to a higher stress range (Gheorghiu et al., 2006, Harries et al., 
2006). 
It is generally believed that FRP strengthening can enhance the fatigue life based on the fact that a) 
the existence of external FRP reinforcement can ease the tensile stress in the internal steel 
reinforcement, and b) a solid bonding of the FRP and the concrete can bridge the cracks generated 
when the steel reinforcement fails (Meier et al., 1993, Shahawy and Beitelman, 1999, Kim and 
Heffernan, 2008). The amount of stress relieved from steel depends on the amount of load taken by 
the FRP laminates. This means a higher interfacial shear stress transfer is desired through the FRP-
to-concrete bonded interface. In order to bridge the cracks within concrete opened due to steel failure, 
a high interfacial shear stress transfer through the FRP-to-concrete interface is required. Therefore, it 
can be concluded that for fatigue performance, the behaviour of the FRP-to-concrete bonded interface 
is of critical importance. Existing studies have also showed that the bond strength of FRP-to-concrete 
bonded joints tends to degrade with high amplitude cyclic/fatigue loading (Gheorghiu et al., 2006). 
Therefore, it can be concluded that cyclic/fatigue loading at high loading amplitudes can degrade the 
FRP-to-concrete bond performance, thus affecting the fatigue performance.  
Limited existing research on FRP-to-concrete bonded joints subject to cyclic loading (Ko and Sato, 
2007, Mazzotti and Savoia, 2009, Nigro et al., 2011) reported different failure modes, including a) 
cohesion failure within concrete (Nigro et al. (2011)), and b) mixed cohesion failure within concrete 
and adhesion failure either at the FRP-adhesive or concrete-adhesive bi-material interfaces (Ko and 
Sato (2007). Ko and Sato (2007) however also reported mixed failure modes in samples tested under 
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monotonic loading. Therefore, it cannot be concluded that the mixed mode failure observed in their 
cyclically loaded test sample is actually due to cyclic loading.  
Nigro et al. (2011) also observed that when the maximum load applied in cyclic loading was less than 
70% of the bond strength, the effect of cyclic loading on bond strength degradation can be ignored. 
When the applied maximum load in cyclic loading is greater than 70% of the bond strength, obvious 
bond stiffness and strength degradation was observed (Nigro et al., 2011). If the load is low enough, 
such that there will be no micro cracking, no damage initiation is expected within the concrete and 
thus cyclic loading will have no effect. However, as the load increases, micro cracking will occur and 
nucleation and linking will commence. This crack nucleation and linking process will lead to an 
increase in damage, thus causing degradation of the stiffness and plastic slip. This behaviour was 
captured in the bond-slip relation presented by (Ko and Sato, 2007). In this model, unloading and 
reloading stiffness was assumed to be the same and was given by (Ko and Sato (2007):  
 2
1
C
K C    (2.3) 
In which  and  are parameters obtained from the test results. The bond-slip model under cyclic 
loading is plotted in Figure 2.3. 
In this model, while stiffness and strength degradation were assumed under cyclic loading, total 
fracture energy (that is the area under the bond-slip curve) was kept the same. Therefore, the bond 
strength predicted from such a model is independent of the cyclic loading as the total fracture energy 
under cyclic loading and monotonic loading is the same. This is different to the findings by Nigro et 
al. (2011), where reduction in the bond strength was observed due to high ampplitude cyclic loading. 
The bond-slip model Proposed by Ko and Sato (2007) also considered a negative lower bound of the 
interfacial stresses during unloading and a positive interfacial stress when damage parameter is close 
to 1. Friction between the debonded plate and concrete surface was claimed to be the reason for these 
limits. However if the friction does transfer load, this should be obvious from the axial strain readings 
of the FRP plate, and no such experimental evidence was provided.  
Martinelli and Caggiano (2014) proposed a bond-slip model where damaged plasticity behaviour was 
assumed within the softening zone (Figure 2.4). In this model, the damage parameter was defined as 
a function of the ratio between the area of the hatched region (denoted as  w   in Equation (2.4)) 
and the total fracture energy (denoted as 
fG  
in Equation (2.4)).  
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Where 
d  is the coefficient determines the shape of the damage parameter. And damaged stiffness 
is calculated as follows: 
  1D eK D K    (2.5) 
When unloaded to zero shear stress with damaged stiffness , the residual fracture energy is given 
by 
,1 ,2r rG G  and the total stored energy is given by   ,1rw G   . In the Martinelli and Caggiano 
(2014) model, the area 
,1rG  is included in the energy equation both during the unloading and 
reloading process. This leads to an over estimation of the total energy, thus leading to negative slip 
(or slip reversal) at zero shear stress when the damage parameter is close to zero. The consequences 
of this overestimation of energy will be further presented in Chapter 3. 
Carrara and De Lorenzis (2015) presented a bond-slip model based on a coupled damage plasticity 
assumption to model the constitutive behaviour of FRP-to-concrete bonded joints under cyclic/fatigue 
mode II loading. A schematic illustration of the model is depicted in Figure 2.5 and the definitions 
of the damage parameter related to strength degradation and stiffness degradation are given in 
Equation (2.6).  
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Where 
KD  and D  are the damage parameters of the stiffness and the maximum shear stress the 
interface can reach in each cycle respectively. 

 is the Macaulay bracket which selects the 
negative part of the parameter  .  h   is the step size Heaviside step function whose value is 0 when 
0   and 1 when 0  . rely  and 
rel  are the shear stress and slip at the last loading softening point. 
pl  is the plastic slip. 

 represents the incremental rate of the  . Similarly, the damaged stiffness is 
calculated using Equation (2.5). Only a brief discussion of this model is provided here, for further 
details readers are referred to the reference Carrara and De Lorenzis (2015). In this model, it was 
assumed that stiffness degradation occurs only during loading, with no degradation of the unloading 
stiffness considered. In addition, it was also assumed that once shear stresses become zero during 
unloading, the slip will start to reduce without any shear stress transfer. These assumptions lead to a 
DK
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hysteresis-like bond-slip behaviour in the model (Figure 2.5). No experimental evidence was 
provided for these assumptions however. 
Single-shear pull-off tests of FRP-to-concrete bonded joints under fatigue loading have also been 
carried out by different researchers (Bizindavyi et al., 2003, Ferrier et al., 2005, Yun et al., 2008, 
Diab et al., 2009, Carloni et al., 2012, Li et al., 2014, Zhang, 2016, Zhang, 2017, Li et al., 2018). The 
failure mode of such bond joint tests were shown to be more complex than that of tests of bonded 
joints under monotonic loading. Cohesion failure wihin the concrete was dominant when the 
maximum applied load was higher than 70% of the bond strength, while when the load is lower, 
adhesion failure at the FRP-adhesive bi-material interface was shown to be dominant (Diab et al., 
2009, Li et al., 2014, Zhang, 2016, Zhu et al., 2016, Zhang, 2017, Li et al., 2018). Other experiments 
on FRP-to-concrete bonded joints under fatigue loading found that failure initiated within the concrete 
as cohesion failure, and then after some propagation within the concrete, the failure mode changed to 
adhesion failure at the concrete-adhesive bi-material interface. Towards the end of the tests, the 
failure mode returned again to cohesion failure within the concrete (Bizindavyi et al., 2003, Ferrier 
et al., 2005, Carloni and Subramaniam, 2013). FRP rupture was also observed when the applied load 
was close to the bond strength. Complex stress states exist at the bonded interface close to the loaded 
end as well as close to the far end of the bonded joints (Chen and Pan, 2006, Carrara and Ferretti, 
2013). The cohesive strength of each material and the adhesion strength of the bi-material interfaces 
may degrade at different rates at different load amplitudes. In addition, the heat energy dissipated 
during the cracking process may affect the adhesive mechanical properties (Ferrier et al. (2005). One 
or several of the above phenomena may contribute towards the change in failure mode observed 
during testing of FRP-to-concrete bonded joints under fatigue loading. However, the exact reason for 
the complex failure modes under fatigue loading remains largely unknown.  
All the experimental studies mentioned above on FRP-to-concrete bonded joints under fatigue 
loading showed that the slope of the load-displacement curve decreased with the number of loading 
cycles. This degradation of the stiffness is caused by the gradual debonding of the FRP plate from the 
concrete substrate and softening of the bonded interface. 
Majority of the research work available to date on FRP-to-concrete bonded joints under fatigue 
loading has focused on the performance of the bonded joints (e.g. fatigue endurance indicated by the 
number of loading cycles the bonded joints can sustain and, the relationship between the debonding 
length and the loading cycles) (Ferrier et al., 2005, Diab et al., 2009, Carloni and Subramaniam, 2013, 
Zhang, 2017). To date, only one study has published on attempting to capture the bond-slip behaviour 
of FRP-to-concrete bonded joints under fatigue loading (Zhu et al., 2016). This study showed an 
obvious damage accumulation in the bond-slip behaviour as a result of fatigue loading. However, the 
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available data was not sufficient to understand the full bond-slip behaviour under fatigue loading. As 
shown in FRP-to-concrete bonded joints under monotonic loading, knowledge of the bond-slip 
behaviour depicting the relationship between interfacial shear stress and slip is crucial to accurately 
modelling bond behaviour and debonding under mode II loading, thus mixed-mode loading. However, 
a lack of experimental studies on the bond-slip behaviour of FRP-to-concrete bonded joints under 
fatigue loading is largely related to the difficulty in data acquisition during fatigue loading, and the 
complexity generated by changing failure modes. Since the interfacial fracture energy, thus bond-slip 
relationship is related to the surface where the fracture occurs, a change in failure mode will result in 
a change in fracture energy, and thus the bond-slip relationship. As mentioned, this complexity of 
failure modes and difficulty in data acquisition explains to a large extent why much of the existing 
work has focused on fatigue performance of the FRP-to-concrete bonded joints.  
Several models have been proposed to predict the fatigue life of FRP-to-concrete bonded joints 
(Ferrier et al., 2005, Zhu et al., 2016). The latest of these, proposed by Zhu et al. (2016), is given 
below: 
   ln 31.646 0.8683 0.0021 0.8724fatigue amp cuN F f      (2.7) 
In which 
fatigueN  is the number of loading cycles, ampF  is the loading amplitude level in percentage 
and 
cuf  is the compressive strength.  
Other models have attempted to predict the rate of debonding (Diab et al., 2009, Carloni and 
Subramaniam, 2013), where the rate of damage propagation is given as a function of either (a) the 
ratio of the fracture energy corresponding to the maximum load applied and the interfacial fracture 
energy under monotonic loading (Diab et al. (2009)), or (b) load amplitude, median load and bond 
strength under monotonic loading (Carloni and Subramaniam, 2013). 
In the model of Diab et al. (2009), the degradation of stiffness and shear stress was defined as a 
function of loading time, as expressed in Equation (2.8) and (2.9): 
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Where 
,0f  and ,f t  are the adhesive cycle-dependent bond strengths at time zero and time t , ,0eK  
and 
,e tK  are the interfacial cycle-dependent stiffness’s at time zero and time t , f  is a frequency-
dependent factor and  is the creep fatigue coefficient, which is a function of the loading frequency. 
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This model neglects the damage plasticity behaviour of the bonded interface. The fracture energy and 
the slip corresponding to the maximum shear stress were assumed constant as shown in Figure 2.6. 
This model is an extension of the viscoelastic model proposed for the creep behaviour of FRP-to-
concrete bonded joints (Diab and Wu, 2007).  
Apart from the methods above, a fibre section model was proposed by El-Tawil et al. (2001) to 
simulate the fatigue behaviour of FRP strengthened concrete beams. In this model, the section of the 
beam was divided into numerous layers. Strengthened beams were considered as Euler Bernoulli 
beams and perfect bonding was assumed between the FRP and concrete (i.e. no shear slip at the 
bonded interface). A constitutive model for concrete subjected to fatigue loading was incorporated 
into the model to consider the fatigue behaviour of the EB FRP strengthened RC beams. This model 
was based on the argument that when compared to the adhesive layer, the concrete is the weakest 
component in the system. However, once the concrete is cracked, shear slips will occur at the FRP-
to-concrete bonded interface and the bond between the substrates will degrade with an increase in 
loading cycles. A similar approach was also employed by Ferrier et al. (2011) in which the 
degradation of the shear transfer capacity of the FRP-to-concrete interface was expressed as a 
function of the number of loading cycles. In this study, the interfacial shear stress was less than 
0.2MPa (by Ferrier et al. (2011) recommends using a value less than 0.8MPa to avoid debonding 
failure), thus the fatigue performance is not affected by the interface behaviour. 
In addition to the limitations discussed above, in all the above models no consideration was given to 
the fracture surface, especially the change in failure mode, and thus the change in fracture surface 
observed during experimental tests. As the change in failure mode may depend on (among many other 
parameters) the degradation of the adhesive mechanical properties, the use of a different adhesive in 
FRP laminates or in bonding FRP laminates to concrete substrate may change the fatigue behaviour. 
Therefore, the general applicability of the above-mentioned models in predicting the fatigue 
performance of FRP-to-concrete bonded joints need to be verified.  
From the literature review above, it can be concluded that: 
1. Bond-slip curves which depict the behaviour between interfacial shear stress and slip are key 
in understanding and modelling the behaviour of FRP-to-concrete bonded joints. While bond-
slip models developed for FRP-to-concrete bonded joints under static monotonic loading 
assume damage elasticity when defining the damage, experimental results on FRP-to-concrete 
bonded joints under cyclic loading have shown that the damage elasticity assumption is 
incorrect. 
2. Experimental studies showed clear indications of stiffness degradation of FRP plated RC 
beams under fatigue cyclic loading. The bond behaviour of FRP-to-concrete bonded joints 
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was found to potentially have a significant influence on the fatigue performance of the 
strengthened beams. 
3. The failure mode of FRP-to-concrete bonded joints under cyclic loading was found to be 
similar to the failure mode of such bonded joints under monotonic loading, which is cohesion 
failure within concrete. While several bond-slip models have been proposed to model the 
behaviour of FRP-to-concrete bonded joints under cyclic loading, each model was based on 
fundamental assumptions which were not validated. Therefore, further studies are necessary 
to develop an accurate bond-slip model to model the behaviour of FRP-to-concrete bonded 
interfaces under cyclic loading. 
4. The failure mode of FRP-to-concrete bonded joints under fatigue loading was found to be 
more complex and was found to shift between different failure modes. As the fracture energy 
of the interface is related to the failure mode, a change in failure mode results in a change in 
fracture energy. Therefore, from one bonded joints to another, the fracture energy may vary 
if the failure modes varies. As such, fatigue performance prediction models based on the 
interfacial fracture energy obtained through experimental tests cannot be applied generally.  
5. Changes in failure mode may be affected by the adhesive mechanical properties. Therefore, 
when different adhesives are used, fatigue performance may vary. More research is necessary 
to investigate the effect of adhesive mechanical properties on the performance of FRP-to-
concrete bonded joints under fatigue loading. Regression based, fatigue performance models 
developed based on test results are not generally applicable.  
6. No study exists so far to understand the bond-slip behaviour under fatigue loading. 
Investigations are necessary to better understand the bond-slip behaviour of FRP-to-concrete 
bonded joints under fatigue loading.  
2.4 Bond behaviour of FRP-to-concrete bonded joints at elevated temperatures 
FRP strengthened RC structures, especially in outdoor environments, may be subjected to various 
temperatures and temperature cycles. In FRP strengthened structures, where the interfacial shear 
transfer mechanism of the bonded interface is critical for the performance of the structure, varying 
temperature conditions may affect the behaviour of the bonded interface, and thus the performance 
of the strengthened structure. Majority of the adhesives commonly used in strengthening of RC 
structures using FRP laminates exhibit glass transient temperatures (
gT ) in the range of 50
 oC -90 oC. 
Therefore, under hot summer temperatures, the adhesive mechanical properties may change 
significantly, thus affecting the performance of the FRP strengthened structure. In addition, adhesives 
are also used in producing FRP laminates and hence elevated temperatures may also affect the 
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performance of FRP laminates. Therefore, a good understanding of the behaviour of FRP laminates, 
adhesives and FRP-to-concrete bonded joints at elevated temperature is necessary to better 
understand the performance of FRP strengthened structures under exposed environmental conditions.  
2.4.1 Behaviour of adhesives at elevated temperatures 
As discussed above, the thermal properties of the adhesives used in bonding FRP laminates to 
concrete as well as the specific adhesive used in producing FRP laminates may affect the performance 
of the FRP-to-concrete bonded joints significantly. However, very limited studies have been carried 
out on the thermal behaviour of adhesives commonly used in civil engineering applications. On the 
contrary, extensive research has been carried out on adhesives used in aerospace and automotive 
industries. Some of the underlying concepts on the thermal performance of adhesives in aerospace 
and automotive are equally applicable to adhesives used in civil engineering. Therefore, where 
appropriate, reviews on adhesive studies undertaken in aerospace and automotive engineering are 
also included in this section.  
The strength of polymers comes from both the bonds between molecules and polymer chains. Bonds 
can be further categorized into two groups: a) primary bonds consisting of strong covalent 
intramolecular bonds which form the backbone of a polymer chain, and b) secondary bonds, which 
are weaker bonds such as hydrogen bonds, dipole interaction, Van der Waals intersections and ionic 
bonds (Mahieux and Reifsnider, 2001, Moussa et al., 2012). There are two distinctly different regions 
which may exist in polymers, a) crystalline regions, and b) amorphous regions. Crystalline regions 
are where a well-ordered molecular structure with covalent bonds between polymer chains exist, 
while amorphous regions are where polymer chains are organized randomly with secondary Van Der 
Waals interactions between polymer chains. If a polymer consists of only crystalline (or 
predominantly crystalline) structures, such adhesives are called thermosetting adhesives, while if the 
polymer consists of both crystalline and amorphous regions, such adhesives are called thermoplastic 
adhesives. The resistance to the dislocation of polymer provided by the primary bonds is significantly 
higher than that from the secondary bonds (Moussa et al., 2012). With increasing temperature, 
secondary bonds will fail much earlier than the primary bonds, however, failure in secondary bonds 
may increase the molecular mobility, especially the differential movement between polymer chains 
(Mahieux and Reifsnider, 2001, Ashby and Jones, 2013). Therefore, under increasing temperature, 
thermoplastic adhesives show a far greater resistance to structure change than thermosetting 
adhesives.  
As temperature increases, the behaviour of a polymer can generally be divided into three stages in 
terms of its mechanical properties as illustrated in Figure 2.7. The first stage is called glassy state, in 
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which the polymer shows a quasi-elastic behaviour and the mechanical properties are marginally 
affected by temperature. Very localized molecular movement can be triggered by elevated 
temperatures in this region. The second state is referred to as glass transition state, in which a 
significant drop in the elastic modulus followed by a plateau can be observed, referred to as rubber 
state. In this state, molecules start sliding between each other, though restrained by the crosslinks, 
entanglement, crystallites, fillers and so on. At this stage, secondary bonds start to break due to the 
molecular movement and when the temperature increases further, the polymer will chemically 
decompose and the mechanical properties become very weak, referred to as the decomposition stage 
(Boyce et al., 1988, Mahieux and Reifsnider, 2001, Moussa et al., 2012).  
It can be seen that the Tg of a polymer is the temperature where the adhesive converts from a glassy 
state to a rubbery state. In other words, Tg can be seen as a measurement of the molecular mobility 
(Carbas et al., 2013). As the mobility of the adhesive molecules increases, the mechanical properties 
of the adhesive will also change. The Tg value is dependent on the curing temperature, as well as the 
strength and stiffness of the cured adhesive (Carbas et al. (2013), Varley et al. (2000)). As long as the 
curing temperature is below the glass transition temperature of a fully cured network (Tg∞), Tg will 
increase with curing temperature. If the curing temperature is higher than the , Tg will tend to 
decrease with an increase in curing temperature (Carbas et al., 2013). Therefore, it is important to 
specify the curing environment when Tg is given. 
Different structural adhesives used in the civil engineering industry may differ from each other in 
terms of the chemical structure, whilst the variation of properties with temperature may also vary 
between different adhesives. For S&P Resin 220 epoxy adhesive, when subjected to cyclic thermal 
conditions between -15 oC to 60 oC for 240 days, the dynamic E-modulus increased by 22% (Silva et 
al., 2016). It was also found that the tensile strength increased by 33% due to cyclic thermal conditions. 
The increase in tensile strength was also found to be sensitive to the exposure time to cyclic thermal 
conditions, with 120 days and 240 days exposure resulting in a 25% and 33% increase respectively. 
This is expected as a longer curing time at elevated temperatures can improve the chain branching 
and molecular bond. Tests on Sikadur 30 adhesive consisting of 55% (by weight) silica quartz filler 
in the range of 0.2 and 0.5mm also showed that an increase in tensile strength with an increase in 
curing temperature (below Tg value) (Moussa et al. (2012). With the temperature increase, it was also 
found that the stress-strain behaviour of the adhesive turned from elastic to elastic-plastic behaviour. 
When the temperature was cooled down from a temperature slightly higher than Tg, a full recovery 
of the stiffness and strength was observed. Interestingly, as the curing time at 50 oC increased, the 
stress-strain behaviour of Sikadur 30 approached the relation at 40 oC (Moussa et al., 2012). However, 
it was not clear if the same phenomenon happens at other tested temperatures.  
gT 
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Existing literature has clearly shown that the adhesive mechanical properties may be affected by 
elevated temperatures, with this effect being sensitive to the molecular structure of the adhesive. 
Curing temperature affects the Tg value of the cured adhesive whilst thermal cycles (with maximum 
temperature below gT ) do not have any adverse effect on the mechanical properties of the adhesive. 
Nevertheless, some of the issues related to the effect of temperature, especially in terms of adhesives 
used in civil engineering applications remained unresolved, e.g.:  
1) There is a lack of studies on the behaviour of structural adhesives used in civil engineering 
applications. Some adhesives showed elastic behaviour at low temperatures, while changing 
to elastic-plastic behaviour at high temperatures. Such behaviours are not yet well understood. 
2) Adhesive strain energy, which is an important parameter in determining the interfacial 
fracture energy of bonded joints failing due to cohesion failure within adhesive (Fernando et 
al., 2015), may be affected by the temperature. The effect of temperature on the strain energy 
of adhesives used in civil engineering applications remains largely unknown.  
2.4.2 Bond behaviour of FRP-to-concrete bonded joints at varying temperatures 
Numerous studies have investigated the thermal behaviour of FRP-to-concrete bonded joints through 
experimental work (Tommaso et al., 2001, Blontrock, 2003, Wu et al., 2005, Gamage et al., 2006, 
Klamer et al., 2008, Leone et al., 2009, Arruda et al., 2016). Limited theoretical work has also been 
carried out to explore the bond-slip behaviour of FRP-to-concrete bonded joints at elevated 
temperatures (Dai et al., 2013) and the effect of different thermal expansion coefficients of adherends 
on the bond behaviour of FRP-to-concrete bonded joints (Gao et al., 2012).  
Existing experimental studies on FRP-to-concrete bonded joints under varying temperatures covered 
a temperature range from -100 oC to 120 oC, which covers well the temperature variations expected 
in typical exposed environments of FRP strengthened concrete structures. Different authors have 
reported different failure modes at elevated temperatures. These failure modes include: a) adhesion 
failure at the concrete-adhesive interface (Blontrock, 2003, Klamer et al., 2005b), b) adhesion failure 
at the FRP-adhesive interface (Leone et al., 2009), and c) cohesion failure within the adhesive 
(Tommaso et al., 2001). At sub-zero temperatures, cohesion failure within concrete or interlaminar 
failure within FRP laminates has been observed (Tommaso et al. (2001)). It was also reported that 
the elastic modulus of the FRP laminate may have affected the failure mode in sub-zero temperatures, 
where at -30 oC, specimens with normal modulus (175GPa) CFRP laminates failed in cohesion failure 
within the concrete, while specimens with high modulus (300GPa) CFRP laminates failed due to 
interlaminar failure of the CFRP laminate. Both the stresses within each constitute and the strength 
of each constitute dictates the failure initiation location of FRP-to-concrete bonded joints. The stress 
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state of each constituent may be affected by the elastic modulus/axial stiffness of the FRP laminate. 
However, both stress state and adhesive strength are affected by the temperature performance of the 
adhesive when the bonded joints is subjected to varying temperature conditions. It is unknown in the 
sub-zero temperature tests reported in Tommaso et al. (2001) if the same or different adhesives were 
used in two different CFRP laminates. If the adhesives were different, the difference in failure may 
have been caused by the weaker mechanical properties of the adhesive used in the high modulus 
CFRP laminate at sub-zero temperatures. 
Similar to the varying failure modes, very different results were reported for the bond strength of the 
FRP-to-concrete bonded joints at elevated temperatures. Some results showed that when the 
temperature is below the gT , the bond strength will increase with temperature (Blontrock, 2003, 
Klamer et al., 2005a, Gamage et al., 2006), whilst beyond gT , a significant drop in bond strength can 
be expected. In some studies, the bond strength was found to monotonically decrease with 
temperature (Diab et al., 2009). Some studies concluded that the bond strength was independent of 
the temperature (Leone et al., 2009). 
It is well understood that the bond strength of a bonded joint with sufficient bond length is directly 
related to the interfacial fracture energy. The interfacial fracture energy of a bonded joint, where the 
failure is cohesion failure within the adhesive, is related to the tensile strain energy of the adhesive 
(Fernando et al., 2015). As such, in order to better understand the interfacial fracture energy of the 
FRP-to-concrete bonded joints failing due to cohesion failure within adhesive, the stress-strain 
behaviour of the adhesive at elevated temperatures must be better understood. If the bond length is 
insufficient, then the bond strength is also affected by the bond length. When the stiffness of a FRP-
to-concrete bonded joint decreases, the effective bond length will start to increase. Therefore, if the 
adhesive elastic modulus decreases with increasing temperature, an increase in the effective bond 
length will occur, and if this effective bond length is larger than the bond length provided, the bond 
length will also affect the bond strength. None of the existing experimental studies have investigated 
the effect of bond length on bond strength at elevated temperatures.  
While none of the existing experimental studies have focused on the interfacial fracture energy of the 
FRP-to-concrete bonded interface, some test observations at elevated temperatures have reported an 
increase in loaded end slip corresponding to full damage (Tommaso et al., 2001, Wu et al., 2005, 
Leone et al., 2009). This suggests an increase in strain capacity at the debonding initiation. Bond-slip 
relations of CFRP-to-concrete bonded joints with an epoxy resin named PC5800/BL and S&P Resin 
220 at elevated temperatures were given in Leone et al. (2009) (Figure 2.8a) and Firmo et al. (2015) 
(Figure 2.8b) respectively. In both, the stiffness and the maximum shear strength were shown to 
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decrease with increasing temperature. However, such a monotonically decreasing trend was not 
observed for the maximum slip. For FRP-to-concrete bonded joints with PC5800/BL epoxy resin, the 
maximum slip was found to first increase and then decrease with increasing temperature. For FRP-
to-concrete bonded joints with S&P Resin 220, a clear maximum slip value was not obtained when 
the temperature increased, but an increasing trend was observed (Figure 2.8b).  
In existing theoretical studies, Dai et al. (2013) presented a temperature-depended bond-slip model 
for FRP-to-concrete bonded joints through a regression analysis of the available test data. The fracture 
energy  and brittleness index B (which indicates the initial elastic stiffness) were determined from 
test results. It was found that the fracture energy remained almost constant while the temperature was 
below gT  however significantly degraded when the temperature was beyond gT . The proposed bond-
slip model however did not consider the variation of fracture surface with increasing temperature. As 
discussed previously, fracture energy is associated with a fracture surface, and the degradation of 
fracture energy in each surface may depend on each material. Therefore, it is critical to consider the 
variation of failure modes in obtaining bond-slip models for FRP-to-concrete bonded joints under 
varying temperatures. Arruda et al. (2016) attempted to model the behaviour of CFRP-to-concrete 
bonded joints at elevated temperature. However the key input parameter of such a model, which is 
the bond-slip relationship, did not consider the variation of failure modes at varying temperatures 
(Arruda et al., 2016). 
Existing theoretical studies attributed the difference in the thermal expansion coefficients of FRP and 
concrete in explaining the increase of the bond strength of FRP-to-concrete bonded joints (Gao et al., 
2012). Since slip occurred due to differential thermal expansion of the two adherends, when in the 
opposite direction of the external load this slip can benefit the bond strength of the joint (Klamer, 
2009, Gao et al., 2012). However, only theoretical studies exist so far on this claim, and the extent of 
the influence of different thermal expansion coefficients on the increase in bond strength should be 
further examined, considering the mechanical property change of the adhesive at elevated 
temperatures. 
Based on the literature review above on FRP-to-concrete bonded joints at varying temperatures, the 
following conclusions can be drawn: 
1. Temperature significantly influences the failure mode of FRP-to-concrete bonded joints. 
However, there is no agreement on the dominant failure mode, with different test results 
showing different failure modes. In order to better understand the failure modes, more 
attention should be given to the variation of the adhesive mechanical properties with varying 
temperatures. 
fG
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2. The effect of varying temperatures on the bond strength of FRP-to-concrete bonded joints 
remains largely unclear due to conflicting results obtained by different researchers. A study 
investigating the effect of varying temperatures on bond strength of FRP-to-concrete bonded 
joints must give sufficient considerations to both the effect of adhesive mechanical properties 
and the bond length at varying temperatures.  
3. Only limited studies exist on the change of fracture energy, and bond-slip behaviour, of FRP-
to-concrete bonded joints under varying temperatures. Existing studies showed that while 
maximum shear strength and stiffness of bond-slip curves may monotonically decrease with 
increasing temperature, maximum slip may increase and then decrease with increasing 
temperatures. Existing theoretical models on bond-slip curves at varying temperatures did not 
consider the change in fracture surface at varying temperatures and therefore cannot be 
applied generally for FRP-to-concrete bonded joints. More research is necessary to determine 
the bond-slip behaviour of FRP-to-concrete bonded joints under varying temperatures 
considering failure mode changes.  
2.5 Bond behaviour of FRP-to-steel bonded joints at varying temperatures 
From the discussions provided in the previous section, it is clear that FRP-to-concrete bonded joints 
may exhibit changes in failure mode when loaded at varying temperatures, from cohesive failure 
within concrete at ambient conditions to cohesion failure within adhesive, adhesion failure at the bi-
material interfaces, and interlaminar failure of the FRP laminate. In understanding the failure mode 
changes, it is necessary to first understand the variation of the fracture energy and bond-slip behaviour 
of the bonded joints for a given failure mode. While this may be complex for adhesion failures within 
bi-material interfaces, it can be achieved for other failure modes. On the other hand, under ambient 
conditions, it was concluded that adhesion failures could be avoided with proper surface preparation. 
Existing studies on CFRP-to-steel bonded joints at elevated temperatures have successfully avoided 
adhesion failures. This clearly indicates that with appropriate surface preparation and choice of an 
appropriate adhesive, adhesion failure within CFRP/adhesive interface could be avoided even under 
varying temperature conditions. However, more research is necessary to determine the effect of 
surface preparations and the choice of adhesive on adhesion strength under varying temperature 
conditions. 
Unlike FRP-to-concrete bonded joints, the dominate failure mode of CFRP-to-steel bonded joints is 
cohesion failure within the adhesive (Yu et al., 2012). Therefore, investigating the behaviour of 
CFRP-to-steel bonded joints may allow better understanding of the behaviour of bonded joints at 
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varying temperatures failing due to cohesion failure within adhesive. Therefore, a review of the 
existing work on CFRP-to-steel bonded joints at varying temperatures is presented here. 
While extensive research has been carried out on understanding the behaviour of EB CFRP 
strengthened steel beams (Deng and Lee, 2007, Fam et al., 2009, Teng et al., 2015, Yu and Wu, 2017, 
Zeng et al., 2018) and CFRP-to-steel bonded joints (Wu et al., 2012, Yu et al., 2012, He and Xian, 
2017) at ambient temperatures, only few studies have been conducted on understanding the behaviour 
of CFRP/BFRP-to-steel bonded joints under varying temperatures (Nguyen et al., 2011, Stratford and 
Bisby, 2012, Al-Shawaf and Zhao, 2013, Al-Shawaf et al., 2015, Sahin and Dawood, 2016, Yao et 
al., 2016). Most of these studies were carried out using single-shear tests of small bonded joints (bond 
length less than 100 mm) (Nguyen et al., 2011, Al-Shawaf and Zhao, 2013, Al-Shawaf et al., 2015, 
Yao et al., 2016), and only few studies considered bond lengths larger than 100 mm (Stratford and 
Bisby, 2012, Sahin and Dawood, 2016). 
Existing studies on CFRP-to-steel bonded joints covered 3 different adhesives commonly used in 
CFRP-to-steel bonded joints: Araldite 420, Sikadur 30, and Sikadur 330. The different failure modes 
observed at elevated temperatures included cohesion failure within the adhesive (Nguyen et al., 2011, 
Sahin and Dawood, 2016), adhesion failure at the BFRP/adhesive bi-material interface (Yao et al., 
2016), CFRP rupture (Al-Shawaf et al., 2015), and mixed failure modes (Al-Shawaf et al., 2015). 
When adhesion failure of the BFRP/adhesive bi-material interface was observed at high temperatures, 
the failure mode of similar bonded joints was reported to be mixed adhesion failure at the 
steel/adhesive and BFRP/adhesive bi-material interfaces at ambient conditions (Yao et al., 2016). 
Therefore, this failure mode may have been the result of inadequate surface preparation, and cannot 
be considered as reliable. When CFRP rupture and mixed mode failures were observed at elevated 
temperatures, the failure mode of similar specimens at ambient temperature was reported to be CFRP 
rupture (Al-Shawaf et al., 2015). Especially when Sikadur 30 adhesive is used, CFRP rupture failure 
is unlikely to occur (Yu et al., 2012), and therefore the findings of this study may also not be reliable. 
As such, the findings of Yao et al. (2016) and Al-Shawaf et al. (2015) will not be discussed further.  
In tests of CFRP-to-steel bonded joints reported in Nguyen et al. (2011), a decrease in the stiffness, 
bond shear strength and ultimate load was observed with increasing temperatures. For such bonded 
joints with a short bond length, the decrease in the ultimate load may have also been related to the 
bond length, and therefore cannot be related to the adhesive mechanical properties alone. Sahin and 
Dawood (2016) reported a 56% (at 40 oC) and 116% (at 50 oC) increase in bond strength, compared 
to that at 25 oC. 
Experimental studies on FRP-to-steel bonded joints at elevated temperatures has been also carried 
out using beam tests (Stratford and Bisby, 2012, Sahin and Dawood, 2016). Stratford and Bisby (2012) 
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reported that with an increase in temperature, stiffness and strength of the FRP-to-steel bonded joints 
decreased, whilst deformation capacity of the bonded joints increased. Sahin and Dawood (2016) 
reported that the bond strength increased from 20 oC to 40 oC, but decreased at 50 oC (still higher than 
that at 20 oC). In both studies, a shift in failure mode from adhesion failure at the CFRP/adhesive 
interface to the steel/adhesive interface with increasing temperature was observed (Stratford and 
Bisby, 2012, Sahin and Dawood, 2016). The failure mode at ambient conditions, i.e. adhesion failure 
at the CFRP/adhesive interface, is not the desired failure mode for CFRP-to-steel bonded joints (Teng 
et al., 2012). 
An analytical study considering the different thermal expansion coefficients and the varying shear 
stress-strain relations of adhesives at elevated temperatures was presented by Stratford and Bisby 
(2012). Results showed that the temperature effect should be considered when predicting the slip at 
elevated temperatures. The effect of the different thermal expansion coefficients was less significant 
than the effect of property changes of adhesive at elevated temperatures.  
CFRP-to-steel bonded joints were also tested at subzero temperatures (Al-Shawaf and Zhao, 2013). 
Regarding the bond strength, specimens with Sikadur 30 and Araldite 420 showed negligible 
influence caused by low temperatures. However, specimens with MBrace Saturant tested at -40 oC 
showed a 41% decrease in bond strength, compared to the value at 20 oC.   
Based on the literature review on the bond behaviour of CFRP-to-steel bonded joints at varying 
temperatures the following conclusions can be drawn: 
1) The behaviour of FRP-to-steel bonded joints is significantly affected by the varying 
mechanical properties of the adhesive with varying temperatures. Under subzero temperatures, 
for both Sikadur 30 and Araldite 420 adhesive, the behaviour was not affected by the 
decreasing temperatures. The behaviour of FRP-to-steel bonded joints made using MBrace 
Saturant however was significantly affected by decreasing temperatures. Overall, the effect 
of temperature on CFRP-to-steel bonded joints depends significantly on the type of adhesive 
used. 
2) Reliable tests on FRP-to-steel bonded joints at elevated temperatures showed an increase in 
bond strength with increasing temperatures. However, tests on FRP plated steel beams showed 
an initial increase and then subsequent decrease of the bond strength with increasing 
temperatures. More research is necessary to better understand the behaviour of CFRP-to-steel 
bonded joints at elevated temperatures.  
3) The difference in the thermal expansion coefficient of substrates (CFRP and steel) will induce 
thermal stress when the temperature changes. However, the varying bond-slip relation at 
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elevated temperatures should be considered while assessing the effect caused by the different 
thermal expansion coefficients.  
2.6 Closure 
In this chapter, a comprehensive literature review is presented on the bond behaviour of a) FRP-to-
concrete bonded joints under cyclic and fatigue loading, b) behaviour of FRP-to-concrete bonded 
joints under varying temperatures, and c) behaviour of FRP-to-steel bonded joints under varying 
temperatures. Conclusions of each topic were given at the end of each section. Key conclusions of 
each section are summarized here. 
From the literature review on the behaviour of FRP-to-concrete bonded joints under cyclic and fatigue 
loading, the following key conclusions can be drawn:  
1. Experimental studies on FRP-to-concrete bonded joints under cyclic or fatigue loading have 
clearly indicated stiffness degradation of FRP-to-concrete bonded joints. In addition, tests 
under cyclic loading have also shown residual slip when the load is unloaded to zero. This 
indicates plastic slip, and thus violates the damage elasticity assumption made when 
calculating the damage parameter in bond-slip models commonly used for modelling the 
constitutive behaviour of the FRP-to-concrete bonded interfaces under mode II monotonic 
loading; 
2. While several bond-slip models have been proposed to model the constitutive behaviour of 
FRP-to-concrete bonded joints under cyclic loading, each model consists of assumptions 
which were not experimentally verified. Additional studies are necessary to verify the 
accuracy of these assumptions;  
3. The failure mode of FRP-to-concrete bonded joints under fatigue loading was found to be 
complex, often changing between cohesion failure within concrete and FRP/adhesive bi-
material interfacial failure. As a change in failure mode affects the interfacial fracture energy, 
consideration should be given to the failure modes when predicting the degradation of fracture 
energy due to fatigue loading. As a result, none of the existing fatigue-performance-prediction 
models based on interfacial fracture energy obtained through experimental tests can be applied 
generally to all FRP-to-concrete bonded joints; 
4. Degradation of the adhesive mechanical properties may affect the failure mode. Therefore, 
fatigue performance of an FRP-to-concrete bonded joints may vary depending on the type of 
adhesive used. Further investigations are necessary to investigate the effect of adhesive 
mechanical properties on the performance of FRP-to-concrete bonded joints under fatigue 
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loading. Regression based, fatigue performance models developed based on test results may 
therefore not be generally applicable; 
5. To date, no study exists on understanding the bond-slip behaviour under fatigue loading. 
Bond-slip curves are crucial in understanding and modelling the behaviour of FRP-to-
concrete bonded joints under any loading condition. Investigations are urgently needed to 
better understand the bond-slip behaviour of FRP-to-concrete bonded joints under fatigue 
loading. 
From the literature review on FRP-to-concrete bonded joints at varying temperatures, the following 
conclusions can be drawn: 
1. Varying temperatures were shown to significantly influence the behaviour of FRP-to-concrete 
bonded joints. To better understand the behaviour of FRP-to-concrete bonded joints, the effect 
of temperature on adhesive mechanical properties should be better understood. Only few 
studies exist on the behaviour of structural adhesives used in civil engineering applications. 
Existing studies revealed that some adhesives show elastic behaviours at low temperatures, 
whilst changing to elastic-plastic behaviour at high temperatures. Adhesive strain energy, 
which affects the interfacial fracture energy of bonded joints failing due to cohesion failure 
within adhesive, also varies with temperature. Further research is necessary to better 
understand the behaviour of adhesives used in civil engineering at varying temperatures;  
2. Temperature was shown to significantly influence the failure mode of FRP-to-concrete 
bonded joints. However, no conclusive evidence exists on the dominant failure mode at 
elevated temperatures. Similarly, the effect of varying temperatures on the bond strength of 
FRP-to-concrete bonded joints also remains unclear due to conflicting results obtained by 
different researchers. Further studies are required to better understand the effect of varying 
temperatures on the failure mode and bond strength of FRP-to-concrete bonded joints; 
3. Existing theoretical models on the variation of fracture energy and the bond-slip relationship 
with temperature did not consider the change in failure modes. As such, these models cannot 
be generally applied to all FRP-to-concrete bonded joints. 
From the literature review presented on FRP-to-steel bonded joints, the following conclusions can be 
drawn: 
1. FRP-to-steel bonded joints typically fail due to cohesion failure within adhesive. Therefore, 
FRP-to-steel bonded joints are ideally placed to study the behaviour of varying temperatures 
on bonded joints failing in cohesion failure within the adhesive; 
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2. Existing studies on FRP-to-steel bonded joints have shown that the behaviour of such joints 
depends significantly on the varying mechanical properties of the adhesive with increasing 
temperatures. The effect of temperature on FRP-to-steel bonded joints was also found to 
significantly depend on the type of adhesive used; 
3. Different test setups used in investigating the effect of temperature on the behaviour of FRP-
to-steel bonded joints have shown different trends. Investigations using beam tests showed 
bond strength initially increased and then decreased with increasing temperature, while other 
type of bond tests (single-shear and double-shear lap tests) at elevated temperatures showed 
increasing bond strength. Some of these results may have been influenced by insufficient bond 
length. More research is necessary to better understand the behaviour of FRP-to-steel bonded 
joints at elevated temperatures.  
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Figure 2.1. Bilinear bond-slip relation 
 
Figure 2.2. (a)Typical single-shear pull-off test, (b) typical force-displacement curve of 
single-shear pull-off test 
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Figure 2.3. Bond-slip model under cyclic loading proposed in Ko and Sato (2007) 
 
Figure 2.4. Damage plasticity model proposed in Martinelli and Caggiano (2014) 
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Figure 2.5. Damage plasticity model proposed in Carrara and De Lorenzis (2015) 
 
Figure 2.6. Time-dependent model proposed by Diab et al. (2009) 
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Figure 2.7. Typical relationship between the mechanical property and temperatures of 
thermoset (Moussa et al., 2012)
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Figure 2.8. Bond-slip relation of FRP-to-concrete bonded joints at elevated temperatures (a) 
after Leone et al. (2009), (b) after Firmo et al. (2015)
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Chapter 3.  The bond behaviour of CFRP-to-concrete bonded joints 
under quasi-static cyclic loading 
3.1 Introduction 
The effectiveness of EB FRP strengthened RC structures, where performance depends on the 
interfacial shear stress transfer mechanism of the bonded interface, depends on the behaviour of the 
FRP-to-concrete interface (Smith and Teng, 2002a, Smith and Teng, 2002b). Therefore, 
understanding the behaviour of FRP-to-concrete bonded interfaces under different loading and 
environmental conditions is of critical importance in determining the performance of RC structures 
strengthened with EB FRP laminates. Many studies have been conducted on understanding and 
modelling of interfacial failures in FRP-to-concrete bonded joints under monotonic loading (Yuan et 
al., 2004, Lu et al., 2005, Yao et al., 2005). These studies have shown that a bond-slip curve, which 
depicts the relationship between the interfacial shear stress and slip of the bonded interface, is a key 
component in understanding and modelling the behaviour of FRP-to-concrete bonded joints (Yuan et 
al., 2004, Martinelli and Caggiano, 2014). Several bond-slip curves have been proposed with varying 
levels of sophistication. The bi-linear bond-slip model, which exhibits a linear ascending branch and 
a linear softening branch, is the most commonly used. In such bond-slip models, the damage 
parameter is assumed to vary from 0 at damage initiation to 1 at full damage (i.e. debonding). In 
calculating the damage parameter, damage elasticity (i.e. slip reduced to zero when unloaded to zero 
stress) is assumed (Cananho and Davila, 2002). Existing experimental studies on FRP-to-concrete 
bonded joints under cyclic loading (Ko and Sato, 2007, Mazzotti and Savoia, 2009) showed a clear 
plastic slip when stresses are unloaded to zero, thus challenging the damage elasticity assumption 
made in bond-slip models under monotonic loading. Several studies have proposed different bond-
sip models for cyclic loading considering plasticity and some considering damage plasticity 
(Martinelli and Caggiano, 2014, Carrara and De Lorenzis, 2015). However, these models also made 
assumptions which were not validated experimentally. 
Understanding the behaviour of CFRP-to-concrete bonded joints under cyclic loading is the first step 
towards understanding the more complex behaviour of CFRP-to-concrete bonded joints under fatigue 
loading. Therefore, this chapter attempts to investigate the behaviour of CFRP-to-concrete bonded 
joints under cyclic loading. The behaviour of CFRP-to-concrete bonded joints was investigated 
experimentally using a series of single-shear pull-off tests. The test results were then used to examine 
the assumptions made in existing theoretical bond-slip models. A new theoretical model to predict 
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the damage parameter in the softening range based on the ratio between the energy dissipated in the 
damage process and the total fracture energy is proposed.  
3.2 Test set-up, sample preparation and instrumentation 
3.2.1 Test rig design and sample preparation 
A single-shear pull-off test setup, commonly used by other researchers to study the behaviour of 
CFRP-to-concrete bonded joints under mode II loading (Yao et al., 2005, Mazzotti et al., 2008, Nigro 
et al., 2011) was selected in this study to investigate the behaviour of CFRP-to-concrete bonded joints 
under cyclic loading. In order to carry out the single-shear pull-off test of CFRP-to-concrete bonded 
joints, a test rig was designed and fabricated as shown in Figure 3.1. In this test set-up, the sample 
was clamped by two clamps at the far end of the concrete block. This was done to counteract any 
uplifting moments. In front of the concrete block, a gusset was mounted to a base plate to prevent the 
concrete block from sliding under the pull load. Spacer plates were used between the concrete and 
bottom steel plate to level the concrete block with the centre-line of the actuator. The base plate was 
mounted to the strong floor. The whole test rig was carefully aligned with the actuator, which was 
mounted to the strong wall. This test rig is a multi-purpose test station where both unidirectional and 
bidirectional single-shear pull-off test of CFRP-to-concrete and CFRP-to-steel bonded joints can be 
conducted.  
Concrete blocks used in this test were casted with commercial concrete. Nominal dimensions of the 
samples are given in Figure 3.1. The 28-day compressive strength of the concrete, determined by 
standard concrete cylinder tests carried out according to AS 1012.9:2014, was 49.7 MPa. The mean 
value of the concrete compressive strength tested from cylinders along with the pull-off test was 64.4 
MPa at 6 months from concrete casting. Normal modulus CFRP pultruded plates (Sika CarboDur 
S512) with 50mm width and 1.2mm thickness were employed in this series of tests. The mean value 
of the tensile elastic modulus of the CFRP pultruded plates in the fibre direction was determined 
through testing to be 165GPa. A 1.3m long CFRP plate was employed to minimize any effects due 
to misalignment of the CFRP plate and the centre of the actuator. Sikadur 30 adhesive was used to 
bond the CFRP plate to the concrete substrate. The ultimate tensile strength of the adhesive was 
determined as 25.3MPa through adhesive tensile coupon tests carried out according to ASTM D638-
14 (ASTM, 2014). 
It is important to achieve good bonding between the CFRP and adhesive and the concrete and 
adhesive in single-shear pull-off tests so as to avoid adhesion failures. In order to achieve a good bond 
between the adhesive and adherends, the following steps were followed: 
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Step 1 (Figure 3.2a): the bonding area (50×300mm) was first marked on the bonding surface 
of the concrete block. The bonding area was designed in the centre of the surface so that any 
effect due to inadequate width could be avoided. A needle-gun grinding machine was then 
used to remove the top concrete layer, so that a fresh chemically active concrete surface with 
exposed aggregates was achieved. The grinded area was then blown with compressed air to 
remove any dust. 
Step 2 (Figure 3.2b): as recommended by Yao et al. (2005), the initiation of bonding area was 
kept 50mm away from the edge of the concrete block at the loaded end, to avoid any edge 
effects. To prevent the adhesive from leaching into this area during the bonding, a 1mm thick 
layer of silicon was applied before the adhesive was applied on the bonding area. To obtain a 
neat bonding of the sample, the bonding area was enclosed by masking tape. 
Step 3 (Figure 3.2c): the top side of the CFRP plate (i.e. opposite to the bonded surface) was 
also covered with masking tape to ensure no adhesive will bond to the top side of the CFRP 
plate. In this series of tests, the thickness of the adhesive layer was controlled to be 1mm. Two 
1mm aluminium plates and 1.2mm CFRP plates were used to control the thickness of the 
adhesive layer at 1mm (Figure 3.2c). On each side of the bonded surface, an aluminium plate 
and a  CFRP plate were stacked together as shown in Figure 3.2c. Adhesive was applied on 
the concrete bonding surface, ensuring any voids on the concrete surfaces were filled with 
adhesive. Adhesive was then also applied on the CFRP bonding surface and the CFRP plate 
was carefully aligned in the bonding area. A roller was used over the plates from the far end 
to the loaded end to squeeze out any excessive adhesive.  
Step 4 (Figure 3.2d): in this step, both the CFRP and aluminium plates were covered with a 
release film to make sure they were not glued to the thick steel plate, which was placed on top 
of the bonded CFRP plate to apply pressure during adhesive curing as shown in Figure 3.2e.  
Step 5 (Figure 3.2e): samples were left to cure at ambient temperature for at least two weeks 
before testing. 
Step 6 (Figure 3.2f): after samples were cured, the masking tape was removed from the 
concrete block and CFRP plate. It can be seen that with this method, a good surface quality 
of the samples was achieved, which was important for obtaining a good quality speckle pattern 
for the DIC measurements. In order to achieve good DIC measurements, a randomly 
distributed speckle pattern with good contrast is required. Therefore, the CFRP plate was 
firstly painted with a thin layer of white paint. Once the paint was dried, a stamp with pre-
carved speckle pattern (speckles with 1mm diameter) was used to achieve the black speckle 
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pattern as shown in Figure 3.2f. More details of the measurement technique and setup will be 
given in the following section.  
3.2.2 Test instrumentation and test set-up 
In single-shear pull-off tests, interfacial slip and interfacial shear stresses are commonly derived from 
the axial strains of the CFRP plate (Yao et al. 2005, Yu et al. 2012). In this study, the axial strain 
distribution of the CFRP plate was measured with a DIC system, which has also been used by other 
researchers (Ali-Ahmad et al., 2006, Carloni and Subramaniam, 2013, Zhu et al., 2014). Displacement 
and strain values within the area of interest are calculated by tracking the points within a facet at 
different loads while testing. A speckle pattern with random distribution and proper contrast is used 
to identify different locations. The DIC system, including hardware and software, used in this series 
of test was the commercially available Correlated Solutions VIC-3D measurement system (Correlated, 
2010). Two 35mm focal lenses, together with two Grasshopper GRAS-50S5M cameras, were used 
to capture the testing image at 2448×2048 resolution. The lightening (provided either by two LED 
spot lights or GS Vitec: Multiled LT-V9 according to the test light condition) of the test was carefully 
tuned to minimize the focus deviation. Meanwhile, two strain gauges (120-6mm) were attached on 
both sides of the CFRP plate 100mm away from the loaded end to check for any bending of the CFRP 
plate. A typical instrumented sample is illustrated in Figure 3.3a. In one of the samples, both speckle 
patterns and strain gauges were instrumented to verify the accuracy of the strain measurements from 
the DIC technique as shown in Figure 3.3b. A comparison of the strain readings from the strain 
gauges on the top and bottom side of the CFRP plate of two representative tests are illustrated in 
Figure 3.4a. It can be seen that the strains on both sides are almost equal. Therefore, bending effects 
due to misalignment were considered negligible. As presented in Figure 3.4b, a good agreement 
between the average strain from the strain gauges and the DIC measurements was achieved. Unlike 
the strain gauges, there were no local peak strain readings obtained from the DIC. As such, it was 
concluded that the DIC can provide a reliable measurement for the single-shear pull-off test of CFRP-
to-concrete bonded joints. Therefore, in all other samples, only the DIC measurements were used. 
A 100-kN capacity MTS servo-hydraulic actuator was used in this test to apply the external force. To 
minimize any bending, and thus peeling forces within the bonded interface, the centreline of the 
actuator was levelled with the CFRP plate and the centreline of CFRP plate in the longitudinal 
direction was aligned with the centreline of the actuator. While setting up the test-rig, the actuator 
was firstly mounted to the strong wall and levelled. The base plate was then aligned with the actuator 
and mounted to the strong floor accordingly. Subsequently, the centreline of the CFRP plate was 
levelled and aligned with the actuator in the vertical direction as shown in Figure 3.5a. At last, the 
sample was aligned in the horizontal direction to ensure the CFRP plate centreline is aligned 
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longitudinally with the centreline of the actuator as presented in Figure 3.5b. All the necessary 
alignments in the set up were done with the assistance of a BOSCH GLL 3-80 P laser level as shown 
in Figure 3.5c. The alignment was carefully checked before clamping the block to the base plate. 
3.2.3 Test matrix and test methodology 
All together seven samples were prepared. Out of the seven samples, three were tested under 
monotonic loading (termed M1, M2 and M3) and the other four were tested under cyclic loading 
(termed C1, C2, C3 and C4). For all tests, the load was applied using a 100kN capacity MTS servo-
hydraulic actuator. Both the monotonic loading tests and the cyclic loading tests were carried out at 
a displacement rate of 0.05mm/min (lower than the rate typically used, e.g. 0.06mm/min in Nigro et 
al. (2011)). In the monotonic loading tests, each sample was loaded until full debonding of the plate 
was reached. In the cyclic loading tests, each sample was loaded to a pre-defined displacement (i.e. 
slip at the loaded end) and then unloaded to zero force before loading again. The detailed 
loading/unloading processes for all four cyclic loading test samples are shown in Table 3.1. 
Essentially, unloading displacement intervals were determined based on test results from the 
monotonic tests to ensure several loading/unloading cycles were achieved within the ascending and 
descending branches of the local bond-slip curves at different locations along the bond length. Due 
to the existence of effective bond length, the stress state varies with the location along the bond length. 
When unloading/reloading were applied in the plateau (Figure 2.2b), repeated stress state can be 
expected at different locations, if the concrete is treated as a homogeneous material. Therefore, each 
sample can be treated as a repeated test in terms of the bond-slip relation under cyclic loading. The 
test setup during the test is illustrated in Figure 3.6. 
The axial strain of the CFRP plate at any point within the bond length was taken as the mean strain 
value obtained from five points on the CFRP plate along the transverse direction (width direction, i.e. 
perpendicular to plate axis). Meanwhile, the interfacial slip and shear stress at different locations were 
calculated from the strain values using the equations given in (Fernando, 2010). 
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  (3.1) 
Where i  is the strain value at the 
thi  data point extracted from the DIC analysis, counted from the 
loaded end of the CFRP plate; iL  is the distance of the 
thi  data point from the loaded end of the CFRP 
plate; pE  and pt  are the elastic modulus and thickness of the CFRP plate; n  is the number of data 
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points counted from the free end of the CFRP plate to the current calculating point; 1 2i   and 1 2i   
are the shear stress and slip at the middle point between the thi  and  1
th
i   data point. 
3.3 Test results 
3.3.1 Failure mode 
Previous studies on CFRP-to-concrete bonded joints under monotonic loading showed that the failure 
of such bonded joints typically occurs within the concrete a few millimetres away from the bonded 
interface (Yao et al., 2005). Figure 3.7 shows the failure mode of all the samples. Excluding sample 
M1 (Figure 3.7a), for all samples there were large amounts of concrete debris attached to the 
debonded CFRP plate, indicating these samples failed in cohesion failure within the concrete near the 
bonded interface. For specimen M1, certain regions of the debonded CFRP plate showed no signs of 
concrete debris, indicating adhesion failure at the adhesive/concrete bi-material interface. The main 
reason for the combined cohesion and adhesion failure which occurred in M1 is believed to be the 
improper surface preparation. With the use of a needle gun to roughen the surface, adhesion failures 
were successfully avoided and failure occurred due to cohesion failure within the concrete. 
3.3.2 Load-displacement 
Load-displacement curves of the monotonic and cyclic loading tests are shown in Figure 3.8a and 
Figure 3.8b respectively. In these graphs, load values were taken from the actuator while 
displacements were taken as the slip values at the loaded end, calculated from the strain values using 
Equation (3.1). The bond strength of the samples M1, M2 and M3 were 25.5kN, 28.1kN and 26.6kN 
respectively. In sample M1, full debonding of the plate due to combined adhesion-cohesion failure 
occurred abruptly after the ultimate load was reached. Nevertheless, several reading points were 
obtained in the post ultimate portion of the curve. In addition, while the failure mode of M1 was 
combined adhesion and cohesion, the ultimate load of sample M1 was comparable with that of 
samples M2 and M3. Sample M2 showed only a short plateau in the load-displacement curve after 
the ultimate load was reached (Figure 3.8a) before complete debonding of the interface occurred. 
However, sample M3 showed a much more gradual failure, with a relatively long plateau in the load-
displacement curve once the ultimate load was reached (Figure 3.8a). 
Compared to the monotonically loaded samples, the cyclically loaded samples showed a much more 
scattered range of ultimate load readings (Figure 3.8b). Samples C1, C2 and C3 resulted in ultimate 
loads 26.4kN, 29.9kN and 32.2kN respectively. All cyclically loaded samples showed a reasonable 
plateau in the envelope load-displacement curves before complete failure. During the unloading and 
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reloading curves, significant stiffness reduction could be observed. While the curves showed 
significant scatter, M2 and M3 load-displacement curves agreed relatively well with the envelope 
load-displacement curves of samples C2 and C1 respectively (Figure 3.8c and Figure 3.8d). 
3.3.3 Bond behaviour 
Due to the relatively short plateau of the load-displacement curve observed in sample M2, adequate 
data through debonding propagation was not available for this sample. As such, the result of this 
sample is omitted in the discussions related to FRP plate axial strain distributions and interfacial shear 
stress distributions. Strain distributions at different displacement values on the load-displacement 
curves of samples M1 and M3 are shown in Figure 3.9a. At low load levels (I in Figure 3.8a), the 
strain distributions along the bond length at the same displacement values closely matched between 
the samples M1 and M3. This is no surprise considering the similarity of the load-displacement 
behaviour of the two samples at lower loads. As the displacement increased (II in Figure 3.8a), small 
differences could be observed in the strain distributions of the two samples, with sample M3 showing 
slightly higher strain values for the majority of the bond length. At 0.461mm displacement (III in 
Figure 3.8a), debonding could be seen close to the loaded end. Considering sample M3 showed a 
slightly higher load than M1, strain readings of the debonded region of M3 could be expected to be 
higher than the strain readings of M1 within the debonded region. 
Strain distributions along the bond length of the samples M3 and C1 at different load levels are 
compared in Figure 3.9b. At 20kN load (Point A in Figure 3.8d), the strain distributions of both 
samples agreed well. As the load increased to 23.5kN (Point B in Figure 3.8d), the strain values of 
C1 close to the loaded end (within the first 30mm of the bonded joint) were found to be lower than 
those of M3, however, the strain distributions within the rest of the bond length showed good 
agreement. At load 25.7kN (point C in Figure 3.8d), the strain distributions of the two samples 
showed a more pronounced difference. Considering the load of both samples are the same at point C, 
the axial strain of the CFRP plate within the debonded region is expected to be uniform and be the 
same between the samples. Regions with strain gradients, seen in sample M3 within the debonded 
region, indicate interfacial shear stress transfer in those regions. Friction and interlocking mechanisms 
that may exist within the debonded regions could contribute towards interfacial shear stress transfer. 
Since the fracture surfaces of the two samples are not identical, such interfacial shear stress transfer 
due to friction and mechanical interlocking will also vary between the samples.  
The interfacial shear stress distributions along the bond length at different loading points are 
illustrated in Figure 3.10 for three cyclically loaded samples. Corresponding to the unloading points 
(i.e., U1 and U2 in Figure 3.8b), R1 and R2 refer to the reloading points when the force reached zero 
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in that cycle. The damage propagation can be observed through the movement of the peak shear stress 
along the bond length and the zero (or close to zero) stress region towards the loaded end (Figure 
3.10).  
The bond-slip curves at different locations along the bond length of samples M1, M2 and M3 are 
shown in Figure 3.11a, b and c respectively. Due to the limited plateau of the load-displacement 
curve of sample M2, complete bond-slip curves could not be obtained for this sample. Nevertheless, 
the peak shear stress at several locations along the bond length could be observed, and thus the curves 
are shown in Figure 3.11b. In all the samples, the peak bond shear stress showed higher values close 
to the loaded end (approx. 10MPa in samples M1 and M3 and 7MPa in sample M2), and gradually 
reduced along the bond length. In samples M1 and M3, the peak bond shear stress converged to a 
value of approximately 5MPa at about 45mm length away from the loaded end. Similar behaviour 
was observed by Ko and Sato (Ko and Sato, 2007) and Mazzotti and Savoia (Mazzotti et al., 2009). 
The reason for this behaviour could be that the kinking of the crack into the inner layer of concrete 
dissipated more energy than that of the scenario where the crack propagates almost parallel to the 
bond interface after debonding initiated. 
The bond-slip curves of the sample C1 at different locations are shown in Figure 3.11d-f, while those 
for samples C2 and C3 are shown in Figure 3.11g-i and j-l respectively. Similar to samples M1-M3, 
the peak bond shear stress of samples C1-C3 also showed higher values at locations close to the 
loaded end compared to those from locations away from the loaded end. Within the softening region 
of the curves, unloading showed clear residual slip at zero bond shear stress, with the residual slip 
tending to increase with the slip at the unloading point. In addition, bond shear stresses tend to be 
negative with further unloading beyond zero shear stress point. 
A comparison of the bond-slip curves from samples M3 and C1 are given in Figure 3.11m-o. It can 
be seen that close to the loaded end, the envelope bond-slip curve of the C1 sample matched closely 
with the M3 bond-slip curve. However, further away from the loaded end, the bond-slip curves from 
the two samples showed some discrepancy towards the latter part of the softening branch of the curves 
(Figure 3.11m and n). Towards the latter part of the softening branch of the bond-slip curves, the 
bond-stress of the curves from sample C1 was higher than that observed from sample M3. This 
indicates that within this region of the bond length, interfacial stress transfer still occurs in sample C1 
while complete debonding has occurred in sample M3. As can be seen from the M3 and C1 load-
displacement curves in Figure 3.8d, the load tends to reduce after approximately 0.3mm displacement 
in M3 while the load continues to increase in sample C1. This is in agreement with the higher 
interfacial fracture energy observed in sample C1 further away from the loaded end compared to the 
fracture energy of similar locations in sample M3. Variations in bond-slip curves can be observed at 
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different locations of the same sample and between samples, which is believed to be due to the 
inhomogeneity of concrete. 
3.4 Bond-slip model for cyclic loading 
Analytical expressions for a bond-slip model under quasi-static cyclic loading are presented in this 
section. In deriving the analytical solution, a number of simplifying assumptions were made: a) it was 
assumed that the adhesive layer is subjected to only shear deformations. Previous experimental 
observations have found this assumption to be reasonable for a bond in pull-off tests (Fernando, 2010), 
and b) the shear stresses are constant across the adhesive layer thickness and that both adherents (i.e. 
the CFRP plate and the concrete block) are subjected to uniformly distributed axial stresses. These 
assumptions have also been commonly adopted in the development of similar analytical solutions for 
pull-off tests of CFRP-to-concrete and CFRP-to-steel bonded joints under monotonic loading 
(Fernando et al., 2014). With these assumptions, the governing differential equation well established 
for a bonded joint in a single-lap pull test is given by (Fernando et al., 2014): 
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Where   is the slip between the two adherents. , ,p p pE b t  are the elastic modulus, width and thickness 
of the FRP plate respectively. Likewise, , ,c c cE b t  are the elastic modulus, width and thickness of the 
concrete respectively.  f   represents the relationship between the shear stress ( ) and the slip ( ). 
Equation (3.2) can be solved if the bond-slip relationship,  f   is known. The bilinear bond-slip 
model under cyclic loading adopted in this study is illustrated in Figure 3.12. 
A bilinear bond-slip envelope curve, which is commonly used for FRP-to-concrete bonded joints 
under monotonic loading, was adopted for the bond-slip model under cyclic loading in this study. 
However, the commonly used damage elasticity assumption in defining damaged parameter is no 
longer applicable, and a new definition of the damage parameter which accounts for damage, 
plasticity and cyclic loading is required. In a bilinear bond-slip model, the softening branch results 
due to the gradual development of micro cracks within the bonded interface, and the full debonding 
failure occurs once these micro cracks consolidate to form a full developed crack. These micro cracks 
dissipate energy which is not recoverable and as a result, during the process of micro crack 
development the residual fracture energy will keep decreasing. Therefore, it is reasonable to define 
the damage parameter as a function of the ratio between the dissipated energy ( dw ) at a particular 
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point and the total fracture energy ( fG ). In Figure 3.12a, the total fracture energy is the total area 
under the envelope bond-slip curve while the dissipated energy is the hatched area (i.e. area 0134). 
In this model, it was assumed that the bond-slip relationship during positive and negative loading 
would be symmetric. Therefore, the damage parameter can be defined as: 
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In which the dissipated energy can be expressed as 
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Where r  and r  are the slip and interfacial shear stress when unloading happens. When 
unloading/reloading happens at point 7 in Figure 3.12b, the dissipated energy is the sum of the 
hatched area, which is the sum of areas 0134 and 4578. Similarly, in Figure 3.12c, the dissipated 
energy is the sum of the area 0134 and area 4378. If the relationship between the damage parameter 
and d fw G  in Equation (3.3) is known, the damage parameter can be iteratively solved in 
combination with Equation (3.4). 
Two scenarios of unloading/reloading in the softening range are considered in this model, as 
illustrated in Figure 3.12b and Figure 3.12c. When reloading/unloading (e.g., path 0134578) 
happens in the negative softening range (Figure 3.12b), it is assumed that the slip value when the 
shear stress reaches zero cannot be larger than plastic slip in the previous unloading process, i.e. slip 
value at point 4. While in the other scenario (Figure 3.12c), after a certain amount of damage, the 
total plastic slip is assumed zero. After the plastic slip becomes zero, an elastic damage model will 
be employed as follows: 
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Where r  is the slip when unloading occurs. lim  is the limit slip value corresponding to zero plastic 
slip (i.e. point 4 in Figure 3.12b and point 0 in Figure 3.12c), f  is the ultimate slip value in the 
corresponding cycle, i.e. point 6 and point 2 in Figure 3.12b and Figure 3.12c respectively. 1  is the 
slip value corresponding to the peak shear stress, which is point 5 and point 1 in Figure 3.12b and 
Figure 3.12c respectively.  
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The unloading/reloading stiffness can be calculated as (Jean Lemaitre, 2005): 
  , ,01e i eK D K    (3.6) 
With the definition above, the local bond-slip relation can be expressed as follows: 
      ,01 e r plf D K       (3.7) 
Where pl  is the plastic slip when unloading/reloading happens at r . Then the governing equation 
can be solved with a FDM (Martinelli and Caggiano, 2014). 
Given the definition above, the test data were employed to calibrate the damage parameter as a 
function of d fw G  (Equation (3.3)). As the value of the damage parameter was assumed to be zero 
until damage initiation occurred, only the unloading/reloading in the softening branch of the bond-
slip relation was considered. The following steps describe the calibration of the damage model 
(Figure 3.13). 
Step 1: Extraction of the bond-slip curves under cyclic loading from the strain readings 
obtained by the DIC measurements: Measurements obtained from the DIC typically contain 
noise, and therefore, original curves obtained from DIC measurements were smoothened with 
a moving average algorithm, through which a relatively smooth bond-slip relation was 
achieved, as indicated by the grey curve in Figure 3.13. 
Step 2: Obtaining the envelope of the bond-slip curves under cyclic loading in the ascending 
branch (red line in Figure 3.13): Data points within the ascending branch were obtained using 
the loading/unloading data within this range. If the number of data points was less than three, 
the ascending branch was assumed to be linear, connecting the origin and maximum shear 
stress. If three or more data points were obtained within the ascending branch, a second order 
polynomial curve is fitted to the data points to obtain the ascending part of the envelope curve. 
Only the area under the positive part of the bond-slip curve in this range is considered when 
calculating the total fracture energy. 
Step 3: Obtaining the envelop curve in the descending range (dashed black line in Figure 
3.13): In order to retain as much information at this stage as possible, all the data points in 
this range were kept except those in the negative shear stress range at the very last stage. Each 
two neighbouring data points were connected using a linear line. Similarly, a straight line was 
used to connect the gap caused by the hysteresis at the unloading point. 
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Step 4: Calculating the initial elastic modulus: The elastic modulus was determined as the 
average secant stiffness obtained from 5 points (0.2, 0.4, 0.6, 0.8 and 1.0 of the maximum 
shear stress) within the ascending range. 
Step 5: Calculating the damage parameter (centred and dashed red line in Figure 3.13): 
Hysteresis behaviour observed during the experiments was ignored, and the 
unloading/reloading stiffnesses were considered to coincide with each other in the numerical 
model. The average slope value of the two branches of the hysteresis loop, as shown in Figure 
3.13, was taken as the stiffness ( DK ) of the loading/unloading curve. With this stiffness, the 
damage parameter can be calculated with the following equation. 
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Step 6: Calculating the energy ratio: Based on the idealized unloading/reloading stiffness 
obtained in the previous step, the energy dissipated up to the current loading cycle can then 
be obtained as the area enclosed by the envelope bond-slip curve and the unloading path. It 
should be pointed out that the lowest point of unloading was determined as the one with the 
lowest interfacial shear stress. The energy ratio was then determined using Equation. (3.3). 
Using all data points, the best fitting function for damage parameter defined by the d fw G  
was obtained as: 
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As shown in Figure 3.14, all the samples tested under cyclic loading were used to obtain the damage 
parameter and energy ratio as defined above. It can be seen that the damage will firstly experience a 
rapid increase before reaching a plateau. A second-order polynomial can then be used to represent 
the relation between the damage parameter and d fw G  (Equation (3.9)). The second-order 
polynomial was chosen to satisfy the requirement that the damage parameter equals 1 when the 
residual fracture energy is zero (or fully fractured). This function was then used to obtain the damage 
parameter and the corresponding plastic slip at different points along the softening range, considering 
the bilinear bond-slip relation.  
The relation between the plastic slip and the corresponding damage parameter is illustrated in Figure 
3.15b when different bond-slip relations were employed (Figure 3.15a). It was found that the plastic 
slip initially increased with the damage parameter to a peak value, and then starts decreasing until 
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zero before the damage parameter reached 1. The reason the plastic slip is seen to reach zero before 
the damage parameter reaches 1 is due to the difference in the shape of bond-slip curves obtained 
experimentally, which are different to the bilinear shape assumed in the model. In the tests, the bond-
slip curves tend to show a long tail where the interfacial shear stress was above zero, corresponding 
to possible friction and interlocking of the interface. However, in the bilinear bond-slip model, these 
effects were ignored. As a result, when calibrated using the experimental results, a negative plastic 
slip would occur when the total slip exceeds a certain value in the bilinear bond-slip model. In order 
to eliminate this inaccuracy, an elastic damage was assumed after the plastic slip reduced to a value 
of zero. The effect of this assumption is negligible since the negative slip occurs when the slip is very 
close to the ultimate slip (i.e. slip at debonding) in the bilinear bond-slip model. 
Considering a constant fracture energy and peak shear stress, the damage parameter become smaller 
when the plastic slip becomes negative, as the slip value corresponding to the peak shear stress 
increases. 
3.5 Proof of the thermodynamic consistency 
The thermodynamic consistency of the proposed model for FRP-to-concrete bonded joints is 
examined in this section based on the following assumptions: a) any bending effect caused by the 
thickness of the FRP or misalignment is ignored. In other words, the FRP-to-concrete bonded joint is 
under pure mode II loading, b) the loading process is considered to be an isothermal process; and c) 
the dynamic effect of the loading is negligible throughout the loading process (Carrara and De 
Lorenzis, 2015). Under these assumptions, the state potential (indicated by   ) of the system can be 
written as: 
 
e p  
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In which the subscript e  and p  represent the elastic and plastic contributions of the free energy of 
the system. For a bilinear bond-slip model, the elastic free energy can be expressed as follows: 
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As for the free energy contributed by the plastic hardening, the following equation was adopted: 
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Where pK  is the plastic stiffness in the plastic slip and shear stress domain and   is the softening 
variable. For a softening bond-slip relation, pK  is negative. The relation between the plastic stiffness 
and the tangential stiffness of the bond-slip relation can be expressed as follows: 
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Where sK  is the tangential stiffness of the bond-slip relation in the softening range. For an isothermal 
process, the Clausius-Planck inequality applies (Chaves, 2013), that is  
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Equation (3.14) should be satisfied with any admissible thermodynamic process, which yields 
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Which is essentially the constitutive relation of the interfacial law as shown in Equation (3.7). 
Therefore, Equation (3.14) can be rewritten as 
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For simplicity, the following notations are introduced: 
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It should be noted that since pK  is negative and   should be always non-negative and irreversible, 
R is non-positive in this case. It is easy to justify that kY  should be non-positive as well, and hence 
the simplified Equation (3.16) can be expressed as 
 0pl kY D R       (3.18) 
If all the energy release rates (i.e. kY D  and R ) are non-positive and the power dissipated by the 
plastic process (i.e. pl  ) is non-negative for any thermodynamically admissible process, then the 
inequality of Equation (3.18) is satisfied. Since the increases of plastic slip pl  are negative only 
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when the tangential stresses   are negative, the condition of 0pl    is always satisfied. 
Furthermore, following the irreversibility of the plastic process (i.e. 0  ) and negative value of pK , 
the energy release rate R  in Equation (3.18) is non-positive. In addition, following the 
irreversibility of the damage (i.e. D ) and negative value of kY , the energy release rate kY D  in 
Equation (3.18) is also negative. 
In order to further demonstrate the thermodynamic consistency of the proposed solution, the value of 
the inequality in Equation (3.18) is plotted against the damage parameter in Figure 3.16. It can be 
seen that the value of the left-hand side of Equation (3.18) increases with the damage parameter and 
is always positive in the three cases considered. A sudden vertical jump seen in the curves of the first 
and third item is caused by the adjustment made in the bond-slip definition by changing from damaged 
plasticity model to damage elasticity model. In reality, such a discontinuity will not exist. However, 
due to the presence of friction and interlocking mechanisms, the error caused by the idealization of 
the bilinear bond-slip models requires such a forced adjustment to be made. The effect of this 
adjustment on the prediction of load-displacement and interfacial stress/strain predictions are 
believed to be negligible. 
3.6 Verification of the proposed model 
In order to assess the performance of the proposed model in predicting the behaviour of CFRP-to-
concrete bonded joints under cyclic loading, a comparison between the test results and a bilinear 
bond-slip relation considering the proposed damage model under cyclic loading was made. In order 
to compare the performance of the proposed bond-slip model against other existing models, two of 
the most advanced existing models, the Martinelli and Caggiano (2014) model and the Carrara and 
De Lorenzis (2015) model, were also used to predict the behaviours of the FRP-to-concrete bonded 
joint under cyclic loading. 
The test results from all cyclically loaded samples and bond-slip curves which are closest to bilinear 
shape were selected to minimize any effects of friction and interlocking on the bond-slip curves. It 
can be seen from Figure 3.17 that when the experimental bond-slip relation for the FRP-to-concrete 
bonded joints is close to bilinear shape, the proposed model gives very good agreement with the test 
results in terms of the unloading/reloading stiffness and the plastic slip, which is very close to the 
Martinelli and Caggiano (2014) prediction. However, it was also seen that (Figure 3.17f) the 
Martinelli and Caggiano (2014) model will return a negative plastic slip when the damage parameter 
value is close to 1. As for the results from the Carrara and De Lorenzis (2015) model, it is obvious 
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that the hysteresis loop from the model is larger than that of the test results. The bond-slip curves 
from the test results show that the interfacial shear stress can be negative, especially at early stages 
of the softening branch. In the later stage, there are some curves indicating that there would be an 
almost plateau during the unloading, which is close to the Carrara and De Lorenzis (2015) assumption. 
The reason for this plateau however is believed to be associated with the friction and/or interlocking 
between the two adherents. Furthermore, in some cases, the bond-slip curve from the Carrara and De 
Lorenzis (2015) model terminates far earlier than the test results, which is essentially due to the fact 
that the shear stresses are forced to be zero during unloading. Therefore, it can be concluded that the 
proposed model is capable of giving a better agreement than the existing models, considering the 
stiffness degradation and plastic slip. 
The proposed model was then utilised to simulate the load-displacement curve of tests C-2. The 
bilinear bond-slip model was used in this simulation. The bond-slip relation used in the numerical 
simulation was obtained to match the maximum load capacity of the test, also considering the 
maximum shear stress and the corresponding slip. For test C-2, the average maximum shear stress 
was determined to be 7MPa and the corresponding average slip value was 0.07mm, while the average 
ultimate slip was 0.25mm. For the Carrara and De Lorenzis (2015) model, an extra parameter, i.e. 
ultimate slip for cyclic loading, was required. In this study, this value was determined to be 3mm, 
considering the value suggested in Carrara and De Lorenzis (2015). Figure 3.18 depicts the 
comparison between the load-displacement curve from the test results, the proposed model, the 
Carrara and De Lorenzis (2015) model, and the Martinelli and Caggiano (2014) model. It can be seen 
that all models can give a relatively good agreement with the test results. Only the Carrara and De 
Lorenzis (2015) model can show hysteresis loops, which were achieved through the assumption that 
damage only happens while reloading. It can also be seen that there is no plastic slip from this model, 
since when the external load was unloaded to zero, the slip at every point should also return to zero 
to satisfy equilibrium of the interface. While the other two models show very close predictions, a 
certain amount of plastic slip can be observed. A comparison of the bond-slip relations from different 
models is illustrated in Figure 3.19. Negative plastic slip was avoided in the proposed model, 
compared to Martinelli and Caggiano (2014) model (Figure 3.19h). Predictions from Carrara and De 
Lorenzis (2015) model differs significantly from the test results. 
3.7 Closure 
This chapter presents the results of an investigation into the behaviour of CFRP-to-concrete bonded 
joints under quasi-static cyclic loading. This behaviour was first investigated through a series of 
carefully planned CFRP-to-concrete single-shear pull-off tests under monotonic and cyclic loading. 
A damage plasticity model was then proposed to model the constitutive behaviour of the CFRP-to-
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concrete bonded joints under cyclic loading. The damage parameter was defined as a function of the 
ratio between the dissipated energy and the total fracture energy. This function was calibrated using 
the experimental data from the pull-off tests. The proposed model was then used to predict the bond-
slip and load-displacement behaviour of the pull-off tests under quasi-static cyclic loading. Based on 
the investigation presented, the following conclusions can be drawn: 
1) Obvious stiffness degradation can be observed in both the load-displacement curve and the 
bond-slip curves when unloading/reloading occurs at the softening range in the bond-slip 
curves. During unloading from the softening region of the bond-slip curves, a clear residual 
slip was seen at zero bond shear stress. Bond-shear stress became negative with further 
unloading;  
2) The bond shear stress values towards the latter portion of the softening part of the bond-slip 
curves tended to vary from one location to another within the same sample, and between 
samples, indicating possible effects due to friction and interlocking mechanisms within the 
cracked regions; 
3) The proposed model is thermodynamically consistent and able to accurately capture the 
behaviour of CFRP-to-concrete bonded joints under cyclic loading. Such a model is the basis 
of performance assessment of FRP strengthened structures under fatigue loading, given the 
damage parameter along the bond length can be calculated at different loading levels.  
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Table 3.1 The loading scheme of all samples 
Loading step 
Test (kN→mm→kN) 
C1 C2 C3 C4 
1 0→0.020→0 0→0.028→0 0→0.061→0 0→0.071→0 
2 0→0.035→0 0→0.049→0 0→0.086→0 0→0.101→0 
3 0→0.042→0 0→0.078→0 0→0.099→0 0→0.108→0 
4 0→0.071→0 0→0.096→0 0→0.116→0 0→0.128→0 
5 0→0.127→0 0→0.119→0 0→0.138→0 0→0.143→0 
6 0→0.184→0 0→0.156→0 0→0.190→0 0→0.156→0 
7 0→0.448→0 0→0.215→0 0→0.636 0→0.174→0 
8 0→0.523 0→0.453→0 N/A 0→0.245→0 
9 N/A 0→0.529 N/A 0→0.300→0 
10 N/A N/A N/A 0→0.424 
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Figure 3.1. Test rig design 
①
②
③
④
⑤
⑥
⑦
⑧
①: Base plate
②: Gusset
③: Concrete block 
(200×400×150mm)
④: CFRP plate (50×1300×1.2mm)
⑤: Clamp
⑥: 32mm steel space plate
⑦: 10mm steel space plate
⑧: 5mm steel space plate
Loaded end
Far end
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Figure 3.2. Sample preparation: a) bonding area marking, b) silicon spacer, c) adhesive 
bonding, d) release file covering, e) curing, f) speckle pattern preparation 
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Figure 3.3. (a) Typical instrumentation and, (b) instrumentation used to compare the strain 
measurement from DIC and strain gauges
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Figure 3.4. (a) Comparison of the strain on the top and bottom side of the CFRP plate, (b) 
Comparison of strain distribution along bond length from both strain gauges and DIC 
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Figure 3.5. Test set-up: (a) sample alignment in vertical direction, (b) sample alignment in 
horizontal direction, (c) laser level used in the alignment 
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Figure 3.6. Photograph while testing 
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Figure 3.7. Failed samples: (a) M1, (b) M2, (c) M3, (d) C1, (e) C2, (f) C3, (g) C4 
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Figure 3.8. Load-displacement curves (a) Under monotonic loading, (b) under cyclic loading, 
(c) The comparison between M2 and C2, (d) comparison between M3 and C1. 
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Figure 3.9. The strain distribution along the bond length (a) Comparison between sample M1 
and M3 at different displacements indicated in Figure 3.8a, (b) Comparison between samples 
M3 and C1 at different load levels indicated in Figure 
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Figure 3.10. Bond shear stress distributions of samples C1 (a), C2 (b) and C3 (c) at different 
loading points 
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Figure 3.11. Bond-slip relations for different samples: (a) M1, (b) M2, (c) M3, (d-f) C1, (g-i) 
C2, (j-l) C3, (m-o) Comparison of the bond-slip relation between M3 and C1 
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Figure 3.12. The proposed model (a) The definition of the damage in the first cycle, (b-c) the 
definition of damage in the succeeding cycles. 
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Figure 3.13. Calibration of the damage parameter as a function of d fw G  
 
Figure 3.14. The relationship between the damage parameter and the ratio between the 
dissipated energy and the total fracture energy. 
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Figure 3.15. (a) The bond-slip relation verified, (b) The relation between the plastic slip and 
damage parameter. 
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Figure 3.16. The relation between the inequality value and the damage parameter. 
 
85 
 
 
 
86 
 
 
 
87 
 
 
Figure 3.17. The comparison of the bond-slip relation between the test results and numerical 
models (a) C1: l =45mm, (b) C1: l =67mm, (c) C2: l =46mm, (d) C2: l =54mm, (e) C4: l 
=74mm, (f) C4: l =80mm. 
 
Figure 3.18. The comparison of the load-displacement curve between test results and 
different models. 
88 
 
\  
 
89 
 
 
 
90 
 
 
 
91 
 
 
 
Figure 3.19. The comparison of the bond-slip curves between test results and different 
models (a) l =10mm, (b) l =20mm, (c) l = 30mm, (d) l = 40mm, (e) l = 50mm, (f) l = 60mm, 
(g) l = 70mm, (h) l = 80mm 
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Chapter 4.  The bond behaviour of CFRP-to-concrete bonded joints 
under fatigue loading: an experimental study. 
4.1 Introduction 
FRP strengthened structures such as bridge girders, are likely to be subjected to fatigue loading. Any 
deterioration of the bonded interface caused by such fatigue loading could affect the performance of 
the FRP strengthened structure. Therefore, it is important to develop a sound understanding of the 
behaviour of FRP-to-concrete bonded interfaces under fatigue loading.  
While extensive research has been carried out on understanding the behaviour of FRP-to-concrete 
bonded joints under monotonic loading (Lu et al., 2005a, Lu et al., 2005b, Yao et al., 2005, Teng et 
al., 2006, Carrara et al., 2011, Tao and Chen, 2014, Ceroni et al., 2016), only few studies have been 
carried out to date on FRP-to-concrete bonded joints subjected to fatigue loading (Yun et al., 2008, 
Carloni et al., 2012, Carloni and Subramaniam, 2013, Carrara and De Lorenzis, 2015, Zhu et al., 
2016). Amongst the existing studies on FRP-to-concrete bonded joints subjected to fatigue loading, 
majority have focused on the performance (i.e., the global bond behaviour) of the bonded joints under 
fatigue loading (Yun et al., 2008, Carloni et al., 2012, Carloni and Subramaniam, 2013), whilst only 
few studies have focused on investigating the behaviour (i.e., the local bond-slip behaviour) of FRP-
to-concrete bonded joints under fatigue loading (Zhu et al., 2016). Existing studies on RC beams 
strengthened with EB FRP laminates subjected to fatigue loading showed that at higher loading 
amplitudes, strengthened beams failed due to FRP debonding (Gheorghiu et al., 2006). Experiments 
carried out on FRP-to-concrete bonded joints subjected to fatigue loading using a single-shear pull-
off test setup showed much more complex failure modes, including adhesion failure at the 
concrete/adhesive bi-material interface (Zhang, 2017, Zhu et al., 2016, Bizindavyi et al., 2003), 
cohesion failure within concrete (Zhang, 2017, Zhu et al., 2016), FRP interlaminar failure (Bizindavyi 
et al., 2003), FRP rupture failure (Bizindavyi et al., 2003), and mixed mode failures (Carloni and 
Subramaniam, 2013). The dominant failure mode was found to be dependent on the maximum load 
of the fatigue loading. When the maximum load level is low, adhesion failure at the concrete-to-
adhesive interface (Bizindavyi et al., 2003, Zhu et al., 2016, Zhang, 2017) or FRP delamination 
(Bizindavyi et al., 2003) was found to be the dominant failure mode. However, when the maximum 
load level is high, the failure mode was found to be either cohesion failure in concrete (Zhu et al., 
2016, Zhang, 2017) or FRP rupture (Bizindavyi et al., 2003). A mixed failure of adhesion failure and 
cohesion failure in concrete was also reported in Carloni and Subramaniam (2013), however the 
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correlation between the failure mode and load level was not specified. While different failure modes 
were observed during the experimental studies, a clear conclusion on the parameters affecting the 
failure mode remains largely unknown. 
Several analytical models exist to model the bond-slip behaviour of FRP-to-concrete bonded joints 
under fatigue loading (Diab et al., 2009, Carrara and De Lorenzis, 2015). However, as discussed in 
Chapter 3, these models contain assumptions which are not verified, and were found to be incorrect 
through the experimental studies presented in Chapter 3. In addition, none of the existing bond-slip 
models for FRP-to-concrete bonded joints considered changes in failure mode. As fracture energy 
varies with failure mode, any model based on fracture energy should consider the failure mode (failure 
surface). 
In this chapter an experimental study investigating the behaviour of CFRP-to-concrete bonded joints 
under fatigue loading is presented. Investigations were carried out through a series of single-shear 
pull-off tests of CFRP-to-concrete bonded joints. The influence of the type of CFRP laminate, 
concrete strength, as well as loading amplitude on the behaviour of CFRP-to-concrete bonded joints 
under fatigue loading was investigated. A customized data acquisition system was developed to 
record the strain distributions, which were then used to derive the bond-slip relations under fatigue 
loading.  
4.2 Experimental program 
4.2.1 Sample preparation 
The CFRP-to-concrete bonded joints samples are prepared following the same procedures presented 
in Chapter 3, and thus is not discussed in this chapter. To investigate the effect of concrete 
compressive strength on the fatigue behaviour, concrete blocks made from concrete of two different 
compressive strengths (i.e. 64.4MPa and 50.0MPa) were used. To investigate the effect of CFRP 
laminate type, two different CFRP laminates, namely Sika CarboDur S512 (S plate), and MasterBrace 
Laminate (M plate) were used. The elastic modulus of the S plate used in this series of tests was 
measured to be 175GPa, while the elastic modulus of the M plate was measured to be 160MPa. The 
nominal thicknesses of the S and M plates were 1.2 and 1.4mm respectively. For the type M plates, 
the surface consisted of a profile with regular pore patterns. This profile was removed through sanding 
prior to bonding. The surface of the type S plates were also slightly sanded to obtain a fresh 
chemically active surface prior to bonding. Sikadur 30 epoxy adhesive was used in all samples to 
bond the CFRP plate to the concrete substrate. In total, 13 samples were tested in this series of tests. 
A detailed summary of the test samples is given in Table 4.1.  
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4.2.2 Instrumentation and customized data acquisition system 
Since the designed test rig (Chapter 3) was successful in conducting the single-shear pull-off tests of 
CFRP-to-concrete bonded joints under cyclic loading, the same test rig was used in the fatigue loading 
tests. A trial test was carried out to determine the suitability of the DIC system to capture the strain 
distributions under fatigue loading. However, due to the time lag between the camera shutter and the 
image acquisition of the system, it was found to be difficult to capture the strain distribution at the 
maximum and minimum loading points. Therefore, strain gauges were used in all the fatigue tests to 
capture the strain distributions. A customized data acquisition system was developed to record the 
strain distribution along the bond length at the required intervals during fatigue loading. 
As shown in Figure 4.1, 20 strain gauges were attached on the top surface of the CFRP plate along 
the mid-axis at 15mm intervals. Another two strain gauges were attached on both sides of CFRP plate 
100mm from the loaded end to check if there was any significant bending moment caused by possible 
misalignment of the sample and the actuator. To avoid any damage of the strain gauge wires during 
the fatigue loading, the strain gauge leads were connected to a copper base (Figure 4.1).  
The flowchart of the developed data acquisition system is given in Figure 4.2. The goal of this data 
acquisition system was to record a predefined number of data points at specified loading cycles. 
Specifically, the strain was read by 3 NI9235 modules (each module contains 8 channels). The 
NI9235 module allows high-frequency data recording, which is important for fatigue tests conducted 
at a high loading rate. Force and displacement readings from the MTS machine were transmitted to a 
NI9215 module. At the same time, the force data was also sent to a NI USB-6008 module which can 
transfer data to the sync control interface programmed in LabView (Instruments, 2017). Once a 
predetermined recording cycle was reached, a series of triggering signals were sent to a data recording 
programme also developed in LabView (Instruments, 2017). The strain at these triggering times were 
then recorded and stored in an Excel spreadsheet. An illustration of the data acquisition is presented 
in Figure 4.3. To reduce the data size, strain data was recorded every10, 20 or 50 cycles, depending 
on the debonding propagation rate (Figure 4.3). With this program, the strain reading in one full cycle 
covering the maximum force and minimum force could be accurately captured (Figure 4.3b). 
4.2.2 Loading scheme 
The testing procedure was carried out in several steps. First, the loading was applied monotonically 
at a rate of 0.05mm/min to a predetermined value. Subsequently, the load was unloaded to the mean 
force with the same loading rate. Fatigue loading was then applied at a rate of 5Hz. While applying 
fatigue loading, the strain distribution along the bond length was monitored as shown in Figure 4.4. 
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With this strain distribution display, the debonding progress of the interface was estimated by 
observing the plateau of strain distribution close to the loaded end. The tested sample was also 
visually checked for the fracture surface during fatigue loading. When the strain at the far end started 
to increase significantly, fatigue loading was terminated. Finally, the specimen was monotonically 
loaded at a rate of 0.05mm/min until full debonding.  
4.3 Test results 
A total of 13 samples were tested in this series of tests. It should be mentioned that the objective of 
this study was to obtain the bond-slip relations of CFRP-to-concrete bonded joints under fatigue 
loading. Therefore, the number of loading cycles applied (as listed in Table 4.1) does not represent 
the fatigue life of the sample. In the following subsections, the failure modes, strain and stress 
distributions, and bond-slip relation under fatigue loading will be discussed. 
4.3.1 Failure mode 
Failed samples are presented in Figure 4.5 and the corresponding key failure mode observed in each 
sample is given in Table 4.1. Similar to the samples tested under monotonic and cyclic loading, all 
samples ultimately failed in cohesion failure within the concrete when the monotonic loading was 
applied. For samples made from S plates (SC60 and SC50 series), the dominant failure mode under 
fatigue loading was interlaminar failure of CFRP, regardless of the concrete compressive strength or 
the loading amplitude. However, in the test SC50-1 and SC50-3 specimens, concrete cracking close 
to the adhesive-concrete interface was observed during the fatigue loading. As the number of loading 
cycles increased, interlaminar failure of CFRP plate starts to occur and the concrete cracking ceases 
(Figure 4.6).  
For samples made from M plates (MC60 and MC50 series), the dominant failure mode was found to 
be dependent on the maximum applied load. When the maximum load is greater than 65% of the bond 
strength, the dominant failure mode was mostly cohesion failure within the concrete (MC60-2, 3, 
MC50-1, 3 and 4 in Figure 4.5). For specimen M60-1, cohesion failure within the concrete was 
initially observed during testing, but the final dominant failure was cohesion failure within the 
adhesive. When the maximum load is less than 65% of the bond strength, cohesion failure within the 
adhesive was found to be dominant (MC60-1 and MC50-2 in Figure 4.5). In sample MC50-3, 
cohesion failure within the concrete was observed initially under fatigue loading, however, the failure 
mode changed to cohesion failure in the adhesive layer when the maximum load was decreased. Such 
changes in failure mode with a decrease in maximum load was also reported in Zhu et al. (2016). 
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It is clear from the test observations that debonding failures of FRP-to-concrete bonded joints under 
fatigue loading is far more complicated than that of similar bonded joints under monotonic and cyclic 
loading. In CFRP-to-concrete bonded interfaces, each constituent may be subject to different stress 
states, and stresses may vary even within the same constituent across the thickness and length 
directions. The failure location will depend on both the rate of degradation of the mechanical 
properties in each constituent under fatigue loading and the stress state of each constituent. The rate 
of degradation of each material may also vary with the stress state. The stress state of each constituent 
may vary with the loading amplitude as well as the location within each constituent. Therefore, to 
better understand the failure of CFRP-to-concrete bonded joints, a sound understanding on a) the 
stress state of each constituent and the variation of stresses with debonding propagation, and b) the 
rate of degradation of the mechanical properties of CFRP, adhesive, and concrete under fatigue 
loading is necessary.  
4.3.2 Load-displacement curve 
The displacement of the loaded end was obtained by integration of the strain along the bond length 
as per Equation (3.1). As the axial strain data contained some noise (such as a localized high peak 
and deep valley strain value as shown in Figure 4.7) the axial strain readings were smoothened prior 
to calculating the displacement using the following expression (Ali-Ahmad et al., 2006): 
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Where 0 , 0x ,   and   are parameters determined from a nonlinear regression analysis of the 
measured strain distribution. As shown in Figure 4.7, the fitted strain distribution is in good 
agreement with the test data. In order to obtain the points of the bond-slip curves and load-
displacement curves corresponding to maximum and minimum load, strain distributions at the 
maximum and minimum loads were captured.  
Load-displacement curves of selected samples obtained as described in the previous paragraph are 
given in Figure 4.8 (curves for sample SC50-3 were plotted every 10 cycles; curves for samples 
MC60-2, M60-3, MC50-4 were plotted every 20 cycles; curves for sample SC60-1 were plotted every 
250 cycles; curves for the remaining samples were plotted every 50 cycles). Load-displacement 
curves for the other tests can be found in the Figure 4A. 1 at the end of this chapter. 
Since only the points corresponding to the maximum and minimum load of pre-determined cycles 
were captured, the loading-unloading behaviour (after the initial loading) of the load-displacement 
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curves were shown as linear. However, judging from the load-displacement curves of similar bonded 
joints under cyclic loading (Figure 4.11d-0), hysteresis behaviour is likely to exist during fatigue 
loading, which was ignored in this study. As shown by the load-displacement curves in Figure 4.7, 
the stiffness of the bonded joints degrades with increasing number of loading cycles, which indicates 
damage at the bonded interface due to fatigue loading. However, as long as there is sufficient bond 
length towards the far end of the bonded length unaffected by fatigue loading, the bond strength of 
the bonded joints remains the same as the bond strength of CFRP-to-concrete bonded joints under 
monotonic loading. Similar observations were also reported in existing studies on CFRP-to-concrete 
bonded joints under fatigue loading (Carloni et al., 2012, Carloni and Subramaniam, 2013, Zhang, 
2016). Since there was sufficient bond length (a length greater than the effective bond length) 
unaffected by fatigue loading (i.e. without any damage), bonded joints achieving the same bond 
strength as bonded joints subjected to monotonic loading was expected.  
Variation of the loaded end displacement values corresponding to maximum and minimum loading 
with the number of loading cycles are given in Figure 4.9, for the same samples as Figure 4.8. As 
expected, the loaded end displacement values increased with the number of loading cycles. The 
difference between the displacement at maximum and minimum loads tended to increase with 
increasing number of cycles. In some samples, a rapid increase in loaded end displacement values 
was seen to occur towards the end of the curves (Figure 4.8b and d and Figure 4.9b and d), which is 
attributed to the variance of the aggregate distribution along the bond length as well as the higher 
maximum applied loads. 
4.3.3 Strain and stress distribution 
The strain distributions for samples SC60-1, MC60-2, SC50-1 and MC50-4 are provided in Figure 
4.10. To maintain the clarity of the figures, only the curves corresponding to maximum and minimum 
loads at selected loading cycles are presented. Strain distribution curves of the other samples are given 
in Appendix 4C. At lower loading cycles (i.e. 50 cycles), the interface showed no signs of damage 
and remained elastic. However, as the number of cycles increased, the strain values towards the 
loaded end showed a plateau, indicating debonding. When unloaded, while strain values reduced, the 
strain plateau at the loaded end was still visible, indicating elastic unloading of the debonded region 
(Figure 4.10a,c,e). Length of this plateau region increased with the number of cycles, indicating 
debonding propagation. 
The interfacial shear stress distribution along the bond length for selected samples (the same samples 
as the previous section) are given in Figure 4.11. Debonding propagation close to the loaded end 
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could be seen in all specimens, with an increase in the zero stress region close to the loaded end as 
the number of cycles increased. In samples SC60-1, MC60-3 and MC50-1, the maximum interfacial 
shear stress close to the loaded end was shown to be higher than the maximum interfacial shear stress 
away from the loaded end (Figure 4.11a, b and d). This was also commonly observed in CFRP-to-
concrete bonded joints under monotonic loading, which is due to the complex stress state existing 
close to the loaded end (Mazzotti and Savoia, 2009, Carrara and Ferretti, 2013). However, for sample 
SC50-1, the maximum interfacial shear stress values at a distance 30mm and 88mm from the loaded 
end were shown to be similar, and the maximum interfacial shear stress at 203mm away from the 
loaded end was shown to be higher than that observed close to the loaded end. This is because the 
maximum load applied in SC50-1 was increased from 60% to 70% of the bond strength and therefore, 
a higher percentage of the maximum shear stress was utilized. A similar observation can be found in 
specimen SC60-1, in which the maximum interfacial shear stress at 455800 cycles was greater than 
that at 227900 cycles. The load at 455800 cycles was 20kN, while the load at 227900 cycles was only 
17kN. In this specimen, at the 380450th cycle, the maximum load was increased from 17kN to 20kN. 
This increase in maximum load resulted in an activation of a longer bond length compared to that at 
the 17kN load. This increase in maximum load however also means an increase in bond length under 
softening. While damage propagation rate within the softening region becomes higher, the combined 
effect of an increase in softening region length and overall active bond length appears to have resulted 
in an increase in interfacial shear stress under fatigue loading.  
Comparing the shear stress distribution at maximum and minimum loads, it can be seen that there is 
a shift in the location of maximum interfacial shear stress. The maximum interfacial shear stress 
location at the minimum loading was further away from the loaded end compared to the location of 
maximum interfacial shear stress at maximum load. A similar observation was also made in the cyclic 
loading tests presented in Chapter 3. A possible reason for such a gap could be the interlocking 
mechanisms within the damaged region (softening region), where a higher resistance can be expected 
at higher load levels compared to the resistance at lower load levels.  
4.3.4 Bond-slip relation 
Bond-slip curves at different locations along the bond length of sample SC60-1, MC60-3, SC50-1 
and MC50-1 are given in Figure 4.12. Bond-slip relations for the other samples can be found in 
Appendix 4D. As discussed previously, SC60-1 and SC50-1 failed predominantly due to interlaminar 
failure within the CFRP laminate. The failure propagation of this sample was found to be very stable, 
and a graudal degradation of the bond was shown in the bond-slip curves (Figure 4.12a and c). 
Conversely, in samples which failed due to cohesion failure within the concrete, sudden jumps in the 
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bond-slip loading-unloading curves were observed, indicating the dynamic nature of the cracking 
process within the concrete (shown as arrows in Figure 4.12b and Figure 4.12d).  
Regardless of the failure mode, the shape of the envelope bond-slip relation of different samples were 
shown to be similar. The envelope bond-slip curves consist of an ascending part followed by a 
descending branch. It was also observed that specimens which failed due to interlaminar failure of 
the CFRP laminate (SC60-1 and SC50-1) and specimens which failed due to cohesion failure within 
concrete (MC60-2 and MC50-1), showed similar maximum interfacial shear stress irrespective of the 
difference in failure mode. This indicates that in type S CFRP plates, the interlaminar strength of the 
CFRP plates under fatigue loading was quite close to the cohesion strength of the concrete under 
fatigue loading. However, more research is necessary to better understand the change in failures due 
to fatigue loading.  
In samples MC60-3, SC50-1 and MC50-1 during the first stage of loading (i.e. monotonic loading), 
points close to the loaded end had already entered the softening region as shown in Figure 4.12b-I, 
c-I and d-I. When the fatigue load was applied, damage started to accumulate as the 
unloading/reloading stiffness decreased with fatigue loading. However, for regions further away from 
the loaded end (i.e. >55mm as shown in Figure 4.12), the bond is still within the elastic stage at the 
end of the initial monotonic loading, and the interfacial shear stress tended to increase before damage 
started to accumulate (as shown by bond-slip relations at X=60mm in Figure 4.12b-II). In specimen 
MC60-3 at a distance 165mm away from the loaded end (Figure 4.12b-IV), the increase in interfacial 
shear stress was still lower than that required to cause damage, and thus the maximum interfacial 
shear strength (i.e. interfacial shear strength of CFRP-to-concrete bonded joints under monotonic 
loading) was achieved during the final monotonic loading. 
For specimen SC60-1, the bond-slip curves at 15mm, 55mm and 95mm had already entered the 
softening region when the maximum loading was increased during fatigue loading. This resulted in 
an increase in the interfacial shear stress compared to the interfacial shear stress seen just before the 
load increase (Figure 4.12a-I, II and III). However, the stiffness of the curve remained relatively 
constant, indicating an increase in interfacial shear stress without any further damage due to the 
increase in applied load. At a distance of 175mm away from the loaded end, the bond-slip behaviour 
had already entered the softening range, and further increases in the maximum load resulted in a 
higher maximum interfacial shear stress (Figure 4.12a-IV). These observations were similar in other 
samples.  
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Irrespective of the failure mode, once damage initiated during constant amplitude fatigue loading, the 
damage tended to propagate with gradually reducing interfacial shear stress at the maximum load. It 
was also shown that the damage due to fatigue loading initiated at a lower interfacial shear stress than 
the maximum interfacial shear strength (Figure 4.12a-III and IV, Figure 4.12b-II and IV, Figure 
4.12d-IV). For samples which failed in concrete, the ratio between the stress level when fatigue 
damage starts accumulating and the maximum stress under monotonic loading is 0.8 on average, as 
shown in Figure 4.13. In addition, once damage had initiated, it tended to propagate with increasing 
fatigue loading cycles. This might be attributed to the fact micro cracking could initiate in concrete 
before the peak strength is achieved in concrete (Hsu, 1984). More study is required in the future to 
determine the ratio when fatigue damage starts accumulating. 
4.3.5 Damage Propagation 
The damage parameter accumulation profile along the bond length is presented in Figure 4.14 for 
samples SC60-1, MC60-3, SC50-1 and MC50-1. Results for the other samples can be found in 
Appendix 5E. It is clear that when the failure mode was CFRP delamination (SC60-1-3 and SC50-1-
3), the damage accumulation rate was much slower than that of the samples which failed in concrete, 
provided a similar maximum load was applied (SC50-2 and MC50-4, SC50-1-3 and MC50-1, MC60-
2 and SC60-3). Therefore, the fatigue performance of FRP-to-concrete bonded joints is seen to be 
significantly affected by the fracture surface. 
Irrespective of the failure mode, there was a clear trend that the damage accumulation rate is faster at 
positions far away from the loaded end, since it would take more loading cycles for the damage 
parameter increase to 1. However, a stable damage accumulation profile is also attained when the 
point is far away from (>83mm in Figure 4.14a, >51mm in Figure 4.14c and >51mm in Figure 4.14d) 
the loaded end. Qualitatively, the reason for such different damage accumulation rates at different 
locations could be the complex stress states which exist at the regions close to the loaded end (Chen 
and Pan, 2006, Carrara and Ferretti, 2013). More research is required to quantify the regions where 
the damage accumulation rates are different. In addition, the damage accumulation rate (i.e., the slope 
of the damage parameter profile) is smaller at higher damage levels (Figure 4.14). 
4.4 Closure 
In this chapter, a series of single-shear pull-off tests of CFRP-to-concrete bonded joints under fatigue 
loading is presented. To investigate the effect of different laminates and concrete strength, two types 
of CFRP laminates and concrete were used to prepare the test samples. A customized data acquisition 
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software was developed to record the strain distribution along the bond length at predetermined 
loading cycles. Based on the test results, conclusions can be drawn as follows: 
1) The failure mode of CFRP-to-concrete bonded joints could shift from cohesion failure in the 
concrete to CRFP delamination for samples prepared with Sika CarboDur CFRP laminate, 
irrespective of the maximum load level. However, for samples manufactured with 
MasterBrace laminate, the failure mode could shift from cohesion failure in the concrete to 
cohesion failure in the adhesive layer close to the adhesive-CFRP interface when the 
maximum load applied is less than 65% of the bond strength of samples subjected to 
monotonic loading. Though, the reason for such a failure mode shift is not yet clear at the 
moment, it is important to consider this phenomenon while selecting the appropriate CFRP 
laminate and adhesive in the strengthening design. For any given load amplitude, CFRP 
delamination and cohesion failure within adhesive layer should be avoid to make the most 
advantage of the strengthening scheme; 
2) The stiffness of the bonded joints decreases with the number of loading cycles. Debonding 
initiation and propagation are observed during the fatigue loading after a certain number of 
loading cycles. Samples which failed through cohesion failure in the concrete showed a much 
higher debonding rate than samples which failed in another manner (CFRP delamination or 
cohesion failure in adhesive). Unstable debonding is also observed for samples which failed 
in the concrete; 
3) Bond-slip relations of CFRP-to-concrete bonded joints under fatigue loading were obtained 
from the strain distributions along the bond length. It was shown that there is a threshold of 
shear stress (or slip) in the ascending branch when damage caused by fatigue loading starts to 
accumulate. For CFRP-to-concrete bonded joints failed within concrete under fatigue loading, 
the threshold value is 0.8 of the bond shear strength of the bonded joints under monotonic 
loading. After initiation, the damage will accumulate with the fatigue loading, however, the 
interface still has the capacity to reach the corresponding shear stress under monotonic loading. 
The post-fatigue bond behaviour tends to merge to the bond-slip behaviour under quasi-static 
monotonic loading. 
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Table 4.1 Test matrix 
Sample 
Name 
Sample 
No. 
CFRP 
laminate 
Concrete 
(MPa) 
No. of 
loading cycles 
applied 
Load amplitude 
Bond 
strength 
Fatigue 
failure mode 
SC60-1 1 Type I Type I 455800 15-60% and 15-70% 31.1kN FRPD 
SC60-2 2 Type I Type I 120050 15-70%  32.1kN CF+FRPD 
SC60-3 3 Type I Type I 41250 15-80%  31.1kN FRPD 
MC60-1 4 Type II Type I 65200 15-73% 34.1kN AF 
MC60-2 5 Type II Type I 2160 12-76% 34.1kN CF 
MC60-3 6 Type II Type I 46000 
11%-68.2%, 12.5%-68.2% and 13.9%-
68.2% 
36.0kN CF 
SC50-1 7 Type I Type II 479850 15-60%, 15-65% and 71% 28.0kN FRPD 
SC50-2 8 Type I Type II 57300 15-75% and 15-82%  28.0kN FRPD+CF 
SC50-3 9 Type I Type II 9990 
12.5%-70.3%, 12.5%-73.4% and 12.5-
76.6% 
32.0kN FRPD 
MC50-1 10 Type II Type II 11850 13-73% 30.0kN CF 
MC50-2 11 Type II Type II 103700 11%-60% and 11%-65% 36.9kN AF 
MC50-3 12 Type II Type II 60000 11.5%-69.0% and 11.5%-65.9% 34.9kN CF+AF 
MC50-4 13 Type II Type II 5500 12.2%-73.2% and 12.2%-76.2% 32.8kN CF 
Note. CFRP type: I = Sika CarborDur S512; II = MasterBrace Laminate. Concrete type: I = 64.1MPa compressive strength; II = 50.0MPa 
compressive strength. Fatigue failure mode: FRPD = FRP delamination; CF = cohesion failure in concrete; AF = cohesion failure in adhesive. 
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Figure 4.1. Instrumentation of CFRP-to-concrete bonded joints under fatigue loading 
 
Figure 4.2. Flowchart of customized data acquisition system 
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Figure 4.3. Data recording scheme (a) the recording cycles, (b) triggering signals in one 
recording cycle 
 
Figure 4.4. Test control interface 
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Figure 4.5. Failed samples
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Figure 4.6. Failure mode shift during fatigue loading 
 
Figure 4.7. Comparison between the measured strain distribution and the nonlinear 
regression analysis 
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Figure 4.8. Load-displacement of samples SC60-1, MC60-3, SC50-1 and MC50-1. 
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Figure 4.9. The evolution of slip at the loaded end force peak and valley of samples SC60-1, 
MC60-3, SC50-1 and MC50-1. 
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Figure 4.10. Strain distribution along the bond length at different loading cycles for samples 
SC60-1, MC60-3, SC50-1 and MC50-1. 
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Figure 4.11. Interfacial shear stress distribution along the bond length at different loading 
cycles for samples SC60-1, MC60-3, SC50-1 and MC50-1 
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Figure 4.12. Bond-slip relation at different positions along the bond length for samples 
SC60-1, MC60-3, SC50-1 and MC50-1 
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Figure 4.13. The ratio between the shear stress value when fatigue damage starts 
accumulating and the bond shear strength under monotonic loading 
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Figure 4.14. Damage accumulation at different positions along the bond length for samples 
SC60-1, MC60-3, SC50-1 and MC50-1 
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Figure 4A. 1. Load-displacement curves for samples SC60-2, SC60-3, MC60-1, MC60-2, 
SC50-2, SC50-3, MC50-2, MC50-3 and MC50-4 
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Figure 4B. 1. The evolution of slip at the loaded end force peak and valley of samples SC60-
2, SC60-3, MC60-1, MC60-2, SC50-2, SC50-3, MC50-2, MC50-3 and MC50 
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Figure 4C. 1 Strain distribution along bond length of samples SC60-2, SC60-3, MC60-1, 
MC60-2, SC50-2, SC50-3, MC50-2, MC50-3 and MC50-4 
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Figure 4C. 2. Strain and stress distribution along the bond length at different loading cycles 
for samples SC60-2, SC60-3, MC60-1, MC60-2, SC50-2, SC50-3, MC50-2, MC50-3 and 
MC50-4 
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Figure 4D. 1 Representative bond-slip relation at different location for samples SC60-2, 
SC60-3, MC60-1, MC60-2, SC50-2, SC50-3, MC50-2, MC50-3 and MC50-4.
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Figure 4E. 1. Damage accumulation at different positions along the bond line of sample 
SC60-2, SC60-3, MC60-1, MC60-2, SC50-2, SC50-3, MC50-2, MC50-3 and MC50-4 
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Chapter 5.  The bond behaviour of CFRP-to-concrete bonded joints 
under fatigue loading: a damage accumulation model 
5.1 Introduction 
The experimental study on CFRP-to-concrete bonded joints under fatigue loading presented in 
Chapter 4 demonstrated that the failure mode and damage propagation of CFRP-to-concrete bonded 
joints are affected by both the laminate type and the loading amplitude, which is similar to findings 
in existing literature (Carloni et al., 2012, Zhang, 2016, Zhu et al., 2016). Local bond-slip relations 
obtained from the test data showed that below 80% of the maximum shear stress, fatigue loading 
would not cause any damage. However, if loaded beyond this stress level, damage due to fatigue 
starts to accumulate.  
Many existing models have been proposed for modelling the bond behaviour of CFRP-to-concrete 
bonded joints under fatigue loading. Among which, the Carrara and De Lorenzis (2015) model was 
based on assumptions which were proven to be invalid by the experimental results, while the (Li et 
al., 2018) model was only able to predict the variation of stiffness with the number of cycles. 
Moreover, both models did not consider changes in fracture surface during debonding propagation. 
Against this background, this chapter presents a theoretical study aimed at developing a bond-slip 
model for CFRP-to-concrete bonded interfaces under mode II fatigue loading. 
5.2 The proposed model 
5.2.1 Simulation of the CFRP-to-concrete bonded joints under fatigue loading 
An idealized CFRP-to-concrete bonded joints is illustrated in Figure 5.1, where a free body diagram 
of the CFRP, adhesive and concrete elements is given in Figure 5.1c. It was assumed that the shear 
stresses are uniformly distributed along the thickness of the adhesive. Bending and longitudinal 
normal stresses (i.e. normal stresses parallel to the axis) of the adhesive were considered negligible. 
Such assumptions, also commonly made in other literature, were shown to have negligible effect in 
predicting the behaviour of CFRP-to-concrete bonded joints under mode II loading (Yuan et al., 2004, 
Carrara and Ferretti, 2013, Martinelli and Caggiano, 2014). To simulate the bond behaviour of CFRP-
to-concrete bonded joints under fatigue loading, a modified version of the FDM method proposed by 
Carrara and Ferretti (2013) was adopted. From the equilibrium of the CFRP element as shown in 
Figure 5.1c, the following expression can be obtained: 
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 p
p
dN
b
dx
   (5.1) 
Where pN  is the axial force of the CFRP plate,   is the interfacial shear stress along the segment 
dx , and pb  is the width of the CFRP plate. 
The relative displacement between the CFRP plate and the concrete substrate, i.e., slip ( ) can be 
expressed as follows: 
 p cu u     (5.2) 
In which pu  and cu  are the displacement of CFRP plate and concrete at a given point respectively. 
For the CFRP plate and the concrete, the constitutive relation can be written as: 
 p
p p
du
E
dx
    (5.3) 
 cc c
du
E
dx
    (5.4) 
Where pE  and cE  are the elastic modulus of the CFRP plate and concrete respectively, and p  and 
c  are the stresses of the CFRP plate and concrete respectively. The relationship between the axial 
force and the stress yields:  
 
p
p
p
N
A
    (5.5) 
 cc
c
N
A
    (5.6) 
Where pN  and cN  are the axial forces applied on the CFRP plate and concrete block. From the 
equilibrium of the section, we have: 
 0p cN N    (5.7) 
From Equations (5.2)-(5.7) the following equation can be derived: 
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If the bond length is divided in to n  number of segments, the approximation at each segment (Figure 
5.1c) of Equation (5.1) and Equation (5.8) can be written as follows: 
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Where ih  is the length of the segment. For a bilinear bond-slip relation, the constitutive behaviour 
can be expressed as: 
  1i i i if tK        (5.11) 
Where i
f  is the peak shear stress and 1
i  is the slip value corresponding to the peak shear stress at 
node i  in each loading cycle. As shown by the experimental observations, if the fatigue loading was 
stopped at any time and followed by monotonic loading, the bond-slip behaviour was found to follow 
the envelope bond-slip relation under monotonic loading. Thus, it was assumed that when the slip 
exceeds 1
i , it will follow the softening behaviour with the same softening stiffness as the bond-slip 
relation under monotonic loading, i.e., sK . 
i
tK  is the tangential stiffness at node i  which can be 
calculated as: 
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  (5.12) 
Where eK  is the initial elastic stiffness and 
iD  is the damage parameter, which will be explained in 
the following section (Section 5.2.2). sK  is the slope in the softening stage and 1 , ,
i i i
e f    are the slip 
values corresponding to the peak shear stress, zero shear stress and the full damage point at node i . 
If the shear stress becomes negative, the tangential stiffness can be found by using the centre-
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symmetrical point of these value with respect to i
e . At the 
thk  step, substituting Equation (5.11) into 
Equation. (5.9) gives: 
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As shown in Figure 5.2, the maximum shear stress ( ,f k ) and the slip value ( ,f k ) at different nodes 
in a given loading cycle are constant, given the damage parameter is known. Therefore, Equation 
(5.10) can be rewritten as: 
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Denoting 
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1 1 1
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    , Equations (5.13) and (5.14) can be expressed as: 
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Where 
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  . Writing the above two equations into matrix form will give: 
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For the whole bonded joint, the system of equations can be assembled as follows: 
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162 
 
In which iJ  and iQ  are the stiffness matrix block containing the following items: 
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While iU  and iR  are given by: 
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1B  and nB  are the boundary conditions, which are defined depending on the type of loading applied 
on the bonded joint. For the fatigue tests of CFRP-to-concrete bonded joints presented in Chapter 4, 
initial monotonic loading and subsequent fatigue cyclic loading were carried out using a force control 
technique, while the final monotonic loading to failure was carried out using a displacement control 
technique. Therefore, two different boundary conditions should be implemented in the simulation. 
For the force control test, the boundary conditions are: 
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Substituting the boundary conditions (5.21) in to Equation (5.18) yields: 
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In which Equation (5.22) represents the zero force boundary condition at the far end of the CFRP 
plate and Equation (5.23) represents the non-zero force boundary condition at the loaded end. 
For the displacement controlled loading, the boundary conditions can be expressed as: 
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In this case, the expansion of the last row of Equation (5.18) will become: 
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Which represents the displacement boundary condition at the loaded end of the CFRP plate. 
Once 
,
i
d k  is obtained, the interfacial shear slip at each node can be obtained from the following 
expressions: 
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i i i
k d k k      (5.26) 
And the interfacial shear stress value can be determined from Equation (5.11). 
5.2.2 The fatigue damage-accumulation-rate model 
As shown in Figure 3.11d-o, hysteresis behaviour can be observed for CFRP-to-concrete bonded 
joints under cyclic loading. Modelling of hysteresis behaviour is beneficial when simulating fatigue 
behaviour since it can represent the damage evolution under fatigue loading. Several cohesive zone 
models have been proposed to obtain the fatigue crack growth behaviour (Nguyen O. et al., 2001, 
Roe and Siegmund, 2003, Maiti and Geubelle, 2005, Ural et al., 2009, Park et al., 2011). Excluding 
the models of Roe and Siegmund (2003) and Park et al. (2011), damage elasticity was used in 
developing the hysteresis like behaviour within these models. A damage evolution law was then 
defined with respect to the number of loading cycles and other parameters such material properties 
(Maiti and Geubelle, 2005, Ural et al., 2009), the seperation increase rate (Nguyen O. et al., 2001). 
Alternatively, in the model of Roe and Siegmund (2003), damage plasticiy was employed and the 
speration and traction considered when deriving the damage evolution. A biref review on the 
advantages and disadvantages of these models can be found in Park et al. (2011).  
In the current study, it was assumed that the stiffness is the same for both unloading and reloading 
under cyclic loading. Therefore, the damage-plasticity model proposed in Chapter 3 is still valid in 
calculating the initial damage parameter when a point along the bond length enters the softening range. 
To simulate the damage evolution, a transition stiffness (the green line in Figure 5.2) was defined to 
represent the stiffness change under fatigue loading. Different to the reloading progress, the transition 
progress represents the damage parameter evolution under every fN  loading cycles. Here, the 
minimum fN was taken as 20, as experimental data was recorded only at every 20 cycles.  
Damage initiation under fatigue loading was shown to initiate at 80% of the peak shear strength (i.e. 
maximum shear strength achieved under monotonic loading) (Figure 4.13). Under the assumption of 
a bilinear bond-slip relation, the same ratio can be employed for the slip value when fatigue damage 
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starts accumulating. From the experimental results presented in Chapter 4, it was observed that the 
damage accumulation rate decreased with the damage level ( / ,ur tr pD ). It was also observed that once 
fatigue loading is stopped and monotonic loading commences, the bond-slip relationship tends to 
follow the envelope bond-slip curve under monotonic loading. With these considerations, the damage 
evolution law for both unloading/reloading and transition stiffness’s are expressed as follows: 
    / / / , / / ,1 expur tr ur tr ur tr p ur tr ur tr pD D D 

        (5.27) 
Where /ur trD

 is the damage incremental rate for the unloading/reloading stiffness and transition 
stiffness with respect to the loading cycles. /ur tr  and /ur tr  are empirical parameters calibrated from 
the experimental results. The values of these parameters will depend on the type of adhesive used and 
the strength of concrete.  represents the effect of loading amplitude on the damage incremental rate 
as follows: 
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Where max  and min  are the maximum and minimum slip the node can reach in the loading cycle, 
1,0 is the slip value at the maximum shear stress of the initial bond-slip relation under monotonic 
loading, and 

 is an operator defined as: 
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Where crir  is the critical ratio between the maximum slip in loading history and the slip value 
corresponding to the peaks shear stress (in this study, 0.8crir  )..  
Considering the damage propagation under fatigue cyclic loading depends on both the existing state 
of damage and the loading amplitude, the total damage parameter in the unloading/reloading or 
transition path under fatigue loading can be calculated as: 
 // , /
i
i i
ur trur tr tot ur tr
t t t
t t
D D t D


     (5.30) 
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Where t  is the pseudo time, which could be the number of loading cycles, and /
i
ur tr
t t
D

 is the damage 
parameter of unloading/reloading or transition stiffness at the thi  node at time t t . 
If the bonded joints was initially monotonically loaded, the damage parameter can be calculated 
according to the damage-plasticity model proposed in Chapter 3. Under fatigue loading, damage will 
start to accumulate only when the slip at that point exceeds the critical value ,0cri cri fr   ( 1S  in 
Figure 5.3). If the point under consideration is in the softening range of the bond-slip relation under 
monotonic loading, the damage parameter can be determined as the unloading/reloading stiffness, 
calculated as the greater value between the one from the damage-plasticity model under cyclic loading 
and the value calculated from Equation (5.30) ( 2S  in Figure 5.3). It was assumed that the change in 
damage parameter can only occur at the minimum slip point ( 3S  in Figure 5.3) for the transition 
stiffness, and the maximum slip point ( 4S  in Figure 5.3) for the unloading/reloading stiffness. 
However, if the point under consideration enters the reversed softening zone of the bond-slip relation 
( 5S  in Figure 5.3), damage elasticity will be used to calculate the unloading stiffness and the damage 
parameter will be taken as 1 once the shear stress reaches zero. Such an assumption was employed to 
avoid the reduction of plastic slip with fatigue loading. The current state of experimental data is 
insufficient to gain knowledge on the reverse loading effects on the bond-slip behaviour. Further 
experiments are necessary to better study the effects of reverse loading on bond-slip behaviours, 
which is outside the scope of the current study. 
5.3 Damage parameter calculation 
Results from the experimental tests of CFRP-to-concrete bonded joints under fatigue cyclic loading 
presented in Chapter 4 were used to calibrate the empirical parameters in Equation (5.27). Since 
fracture energy is related to the fracture surface, when obtaining the bond-slip relation to model the 
behaviour of the bonded interface, it is important to define the bond-slip behaviour with respect to a 
particular failure mode. In this chapter, only the fatigue behaviour of CFRP-to-concrete bonded joints 
failing in cohesion failure within concrete was considered. Interlaminar failures of CFRP plates are 
related to the resin type used in manufacturing the CFRP plates. As such, the fatigue behaviour of the 
CFRP plate will depend significantly on the type of CFRP laminate used. The fatigue behaviour of 
CFRP plates was considered outside the scope of this study.  
In this chapter, only data from the tests where samples failed within concrete (i.e., MC50-1, MC50-
3, MC50-4, MC60-2 and MC60-3) were used for further analysis of the fatigue behaviour of CFRP-
to-concrete bonded joints. For MC50-3, only the data obtained before the failure mode shifted from 
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cohesion failure to adhesion failure (i.e., before 3000 loading cycles) was considered. For the bond-
slip relation under fatigue loading, both the unloading/reloading and the transition damage parameter 
in each recorded cycle were calculated by following the same steps presented in Chapter 3.  
The evolution of the unloading/reloading damage parameter at different positions away from the 
loaded end of the plate is presented in Figure 5.4. Corresponding figures for the transition stiffness 
can be found in Figure 5A. 1. Except for sample MC60-3, in all other samples the damage 
accumulation rate gradually increased with distance from the loaded end, and became a constant after 
a certain distance (approx. 60mm away from the loaded end). The damage accumulation rate in 
regions close to the loaded end (the grey hatched zone for samples made of 50MPa concrete-Figure 
5.4 (a)-(c)) was much slower than that in regions far away from the loaded end (in the light red 
hatched zone-Figure 5.4 (a)-(c)). Such behaviour can be attributed to the difference in ratios between 
mode I and mode II stresses along the bonded interface (Carrara and Ferretti, 2013, Lin and Wu, 
2016). Complex stress states involving combined compression and shear stress exist close to the 
loaded end (Carrara and Ferretti (2013), and the stress state becomes mode II dominant as debonding 
propagates away from the loaded end (Fernando, 2010). The existence of compressive stress could 
lead to a reduction in the damage propagation rate compared to that under pure mode II loading. 
Similar observations were made in existing experimental studies (Mazzotti et al., 2009, Zhou et al., 
2010). The gradual reduction of compressive stress with debonding propagation is believed to be the 
reason for the damage rate becoming faster, until a stable rate is achieved when the mode II stresses 
become dominant.  
For samples made from 64.4MPa concrete, the maximum load level significantly affected the damage 
process. The MC60-2 specimen demonstrated a trend of gradually increasing damage rate, similar to 
the MC50-1, -3, and -4 specimens. However, as debonding propagated towards a distance 54mm 
from the loaded end, the onset of sudden cracking led to a steep damage parameter profile forming in 
the middle regions. For sample MC60-3, the minimum load applied varied in the order of 11%, 12.5%, 
13.9% and 11% of the bond strength, which could explain the variation in damage increase rates at 
different points. 
The proposed bond-slip model only intends to model the interface behaviour under mode II fatigue 
loading, and therefore, only the damage propagation curves in the middle region of the bonded length 
of the specimens were considered in calibrating the empirical parameters in Equation (5.27). The data 
from sample MC60-2 was excluded from the analysis due to the occurrence of sudden cracking of 
the bonded joints. As such, the proposed model could lead to a shorter fatigue life for CFRP-to-
concrete bonded joints failed in the concrete since a faster damage accumulation rate was observed 
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in the middle regions of the bonded interface. Similar observations regarding the transition stiffness 
damage parameter can be found in Figure 5A. 1. 
5.4 Calibration of damage accumulation rate under fatigue loading 
From the different damage parameter evolution curves obtained from different locations of the 
bonded joints, the damage accumulation rate with respect to both the damage parameter and the 
loading parameter were obtained for both the unloading/reloading and transition stiffness’s. The slip 
value ( 1  ) corresponding to the peak shear stress under monotonic loading was also obtained through 
the test. A nonlinear regression analysis was carried out using all the test data (Figure 5.5). Based on 
the experimental data, expressions for the calibrated damage accumulation rate of 
unloading/reloading and transition stiffness’s are given by: 
    ,1.678,0.00303 1 ur p
D
ur ur pD D e

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      (5.31) 
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

      (5.32) 
The transition stiffness degradation rate is slightly higher than that of the unloading/reloading 
stiffness. The relative low fitting score (0.66 and 0.64 represented by the adjusted R-square value) 
implies there is a significant variance in the data set. Cracking in the CFRP-to-concrete interface is a 
dynamic process, where typically a crack of a certain length can occurr at any given time. Non 
homogeneity in the concrete microstructure as well as the amount of micro cracking at any given 
stage may determine the length of the crack which occurs. This potential difference in propagation 
rate can result in variation in experimental data. As illustrated in Figure 5.6, for points A and B in 
the bonding area at time 1t , the damage parameter is ,1AD  and ,1BD  respectively. At this stage, the 
corresponding damage increment due to cracking is ,1AdD  and ,1BdD . As the loading cycle increases 
( 2t ), the damage parameter at point B reaches the same level of point A at 1t . However, at this stage, 
if a larger crack occurred at point A, the damage increment at point B could be significantly higher 
than that at point A with the same damage level. Furthermore, such differences in cracking could 
affect the damage process of the regions after point A. Since concrete is a brittle material and the 
aggregate distribution along the bond length is non-homogeneous, the fracture toughness at different 
locations may vary. Therefore, variations in the crack propagation rate are inherently likely for such 
bonded joints. Nevertheless, a model based on the above-mentioned test data may still provide an 
averaged damage accumulation rate for FRP-to-concrete bonded joints under mode II dominated 
loading conditions. 
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As shown in Figure 5.5, a larger damage accumulation rate can be observed when the damage level 
is low. As the damage level increases, the damage accumulation rate decreases significantly. In 
addition, a larger loading parameter will result in a higher damage accumulation rate. In other words, 
with a higher maximum load and a larger load amplitude applied, a higher fatigue damage 
accumulation rate can be expected.  
5.5 Numerical application of the proposed model 
The behaviour of a CFRP-to-concrete single-shear pull-off test specimen under fatigue cyclic loading 
was simulated using the FDM proposed in Section 5.2.1. The expressions for the damage 
accumulation rate for unloading/reloading and transition stiffness’s in Equations (5.31) and (5.32) 
were used to model the damage evolution due to fatigue loading. In the simulation, the state of each 
node was checked in every loading cycle to determine if the node slip had reached the value of the 
critical ratio crir . Damage accumulation initiated when reloading occurred. Figure 5.7 presents a flow 
diagram of the calculation algorithm implemented to simulate the behaviour of CFRP-to-concrete 
bonded joints under mode II fatigue cyclic loading.  
In Figure 5.7, the loading condition means whether the bonded joints is under either monotonic or 
fatigue loading. If the bonded joints is under fatigue loading, information on the unloading/reloading 
or transition stage should also be updated when the prescribed force is reached. 
Test MC504 was simulated with the proposed model. Parameters used in the simulation are given in 
Table 5.1. In the simulation, the bonded joints was first monotonically loaded to 24kN and then 
unloaded to 4kN. Subsequently, 2500 cycles of fatigue loading ranging from 4kN to 24kN were 
applied, followed by another 3000 cycles of fatigue loading ranging from 4kN to 25kN. At last, 
monotonic loading was applied until full debonding of the bonded joints occurred.  
A comparison of the load-displacement curve at the loaded end from the experimental results and the 
numerical simulation is presented in Figure 5.8 (curves are plotted every 20 loading cycles). 
Compared to the experimental test, in which failure occurred during the final monotonic loading, the 
simulation shows that the bonded joints failed when the number of loading cycles was 3500. This 
was expected as the proposed model is based on fatigue damage propagation under pure mode II 
loading, and thus ignores any effects due to the compressive stresses within the bonded interface. As 
a result, the model assumed a faster damage accumulation rate within the regions close to the loaded 
end compared to that observed from the experimental results. This results in the model predicting 
conservative results.  
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In order to consider the effects of compressive or tensile stresses within the bonded joints, the damage 
accumulation rate must consider the mode mix ratio. Experimental results for such interfaces under 
mixed mode loading are necessary to calibrate such a model. This is outside the scope of the current 
thesis. 
Comparisons of the bond-slip relation and the damage evolution process at 75mm, 85mm, 95mm and 
105mm away from the loaded end obtained from the experimental test and numerical simulation are 
presented in Figure 5.9 and Figure 5.10. In the simulation, negative shear stresses in the fatigue 
loading cycles were observed. The occurrence of negative shear stress is consistent with the 
experimental findings in Chapter 3. In the fatigue test results however, the shear stress is always 
positive as a direct result of the regression analysis method used in obtaining the strain distribution 
(Figure 5.9). This error caused by the regression analysis is most significant at the later stage of the 
bond-slip relation when the shear stress reaches zero (when the damage parameter is close to 1). 
Therefore, the effect of this error was considered negligible. 
A good agreement in the unloading/reloading damage parameter evolution between the experimental 
test and simulation is achieved prior to the damage parameter reaching 0.8 (Figure 5.10). However, 
during the simulation, a jump in the damage parameter from approximately 0.9 to 1 was observed. 
The occurrence of such a jump is seen as a consequence of the assumption that full damage will be 
considered when either the maximum shear stress value that the node attains in the loading cycles 
becomes negative, or when the node enters the reversed softening region (Figure 5.10). This 
assumption is employed to ensure the ultimate stress is not negative when the damage parameter 
reaches 1 in the simulation. Since the applicability of this model is limited to bonded joints with a 
maximum load amplitude over 65% of the bond strength, the damage parameter can be expected to 
be close to 1 when the maximum shear stress during maximum loading becomes zero. As such, 
assuming full damage is deemed to be reasonable. 
5.6 Closure 
Test results of single-shear pull-off tests of CFRP-to-concrete bonded joints under fatigue loading 
have shown that the failure modes of such joints are sensitive to different parameters including 
concrete strength, type of CFRP laminate, loading amplitude and loading rate. Therefore, models 
predicting the behaviour of CFRP-to-concrete bonded joints should also consider these different 
failure modes. In this study, a model which is able to predict the mode II fatigue bond behaviour of 
CFRP-to-concrete bonded joints failing due to cohesion failure within concrete was developed. Only 
170 
 
the results from tests where samples failed within the concrete were used to develop this model. Based 
on the test results and numerical simulation, several conclusions were drawn: 
1. The fatigue damage accumulation rate in regions close to the loaded end is much slower than 
that in regions away from the loaded end. This low fatigue damage accumulation rate is 
attributed to the existence of compressive stresses in the regions close to the loaded end; 
2. Since concrete is a brittle material, unstable cracking may be observed during testing. 
Therefore, even though the damage level and the applied stress amplitude are the same, the 
damage accumulation rate at different locations could be different; 
3. By using the bond-slip relation in regions with mode II dominant loading, the damage 
accumulation rate for the unloading/reloading and transition stiffness’s were calibrated as a 
relation between the damage level and the load amplitude. Such a model can be used to predict 
the bond-behaviour of CFRP-to-concrete bonded joints under fatigue loading; 
4. Numerical simulation using the proposed framework will likely give a faster debonding rate, 
considering the effects from the compressive stress in the region close to the loaded end are 
ignored. However, such a prediction can produce conservative results for the fatigue life. 
Given mode II load conditions, the proposed numerical simulation can achieve a good 
agreement with the test results regarding the damage evolution; 
5. A larger database is required to obtain better accuracy regarding the damage evolution relation. 
It is also worth mentioning that different models should be developed for different failure 
modes of CFRP-to-concrete bonded joints under fatigue loading.  
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Table 5.1 Parameters used in the simulation of sample MC504 
pE  pb  pt  cE  cb  ct  ,0f  1  2  L  
MPa mm mm MPa mm mm MPa mm mm mm 
160000 50 1.4 33446 150 200 7.24 0.045 0.27 300 
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Figure 5.1. Idealized CFRP-to-concrete bonded joints, (a) the elevation view, (b) the top 
view, (c) the free-body diagram of the bonded joints 
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Figure 5.2. The proposed bond-slip model under fatigue loading 
 
Figure 5.3. Possible states of the nodes under fatigue loading 
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Figure 5.4. The unloading/reloading damage parameter evolution at different points with the 
number of loading cycles: (a) Sample MC50-1, (b) Sample MC50-3, (c) Sample MC50-4, (d) 
Sample MC60-2; (e) Sample MC60-3 
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Figure 5.5. The calibrated model for the damage accumulation rate of FRP-to-concrete 
bonded joints 
 
Figure 5.6. Schematic illustration of unstable cracking effect on the damage accumulation 
rate 
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Figure 5.7. Flow chart of the numerical implementation of the proposed model 
1
max min ,
, , , , , ,
, ,
, ,
c c c p p p
f f
fatigue pre
L B E t B E t
P P N
  
Input
Monotonic 
loading
Yes
No
1 crir  
Yes
No
Unloading/
reloading
Yes
ur ur urD D dD 
No
tr trD D dD 
, 1U k k k jj
K U R 
,U k k k jj
K U R tol 
 ,U k k jjK F U NoLoading 
step k 1j j 
Yes
Output:
1, , , , ,fP D   
max min||P P P P 
Yes
, ,fatigue new fatigue preN N
Yes
End
No
Update:
, 1, ,
 
fatigue new fN
Loading conditon
 
No
1k k 
180 
 
 
Figure 5.8. Comparison between the test results and numerical simulation 
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Figure 5.9. Comparison of the bond-slip relation from numerical simulation and test MC30-4 
at different locations: (a) 75mm, (b) 85mm, (c) 95mm and (d) 105mm away from the loaded 
end 
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Figure 5.10. Comparison of the unloading/reloading damage parameter evolution from 
numerical simulation and test MC30-4 at different locations: (a) 75mm, (b) 85mm, (c) 95mm 
and (d) 105mm away from the loaded end
183 
 
 
Appendix 5A 
The transition stiffness degradation rate at different locations of selected samples are given in this 
appendix. Similar trend with the unloading/reloading stiffness degradation can found from these 
figures. 
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Figure 5A. 1. The transition stiffness damage parameter evolution at different points with the 
number of loading cycles: (a) Sample MC50-1, (b) Sample MC50-3, (c) Sample MC50-4, (d) 
Sample MC60-2, (e) Sample MC60-3 
(e)
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Chapter 6.  Temperature effect on the full-range behaviour of FRP-to-
concrete bonded joints between two intermediate cracks  
6.1 Introduction 
In RC structures flexurally strengthened using EB FRP laminates, there are two critical debonding 
failure modes, namely a) plate end debonding, and b) intermediate crack (IC) induced interfacial 
debonding (Büyüköztürk and Hearing, 1998, Smith and Teng, 2002). Extensive analytical and 
experimental investigations have been carried out to understand the plate end debonding of FRP 
strengthened RC structures (Täljsten, 1997, Rabinovich and Frostig, 2000, Smith and Teng, 2001, 
Yuan et al., 2004, Yao, 2005, De Lorenzis et al., 2013), in which a shear test was often employed to 
investigate the stress state of FRP-to-concrete bonded joints at the plate end. It was found that high 
interfacial shear and peeling stresses exist at the end of the plates (Tamai and Aratani, 1972), leading 
to plate end debonding failures. Studies have also been carried out to investigate intermediate crack-
induced debonding of FRP strengthened RC structures (Teng et al., 2003, Teng et al., 2006, Chen et 
al., 2007). When a segment between two adjacent cracks is considered, certain regions of the bonded 
interface may experience slip reversal due to loading at both ends of the FRP plate, resulting in a very 
different behaviour to that of a bonded joint in a single-shear pull-off test. Teng et al. (2006) presented 
a closed-form solution for the full-range behaviour of FRP-to-concrete bonded joints between two 
adjacent cracks, based on the use off a bilinear bond-slip model to represent the constitutive behaviour 
of the bonded interface. This study showed that the presence of intermediate cracks may increase the 
bond strength of FRP-to-concrete bonded joints.  
As presented in Chapter 2, existing experimental research on the temperature effects of FRP-to-
concrete bonded joints (Wu et al., 2005, Klamer et al., 2008, Klamer, 2009, Zhu et al., 2016) found 
that an increase in temperature may lead to a higher bond strength of FRP-to-concrete bonded joints. 
Such an increase in bond strength was attributed to the interfacial stresses introduced as a result of 
the difference in coefficients of thermal expansion between FRP and concrete (Klamer et al., 2008). 
Some analytical studies have also been conducted to investigate the debonding process of the FRP-
to-concrete interface under combined thermal and mechanical loading. A brief review of these 
analytical studies can be found in Rabinovitch (2010). Amongst these, a recent study by Gao et al. 
(2012) developed an analytical solution for the full-range behaviour of FRP-to-concrete bonded joints 
subjected to combined thermal and mechanical loading, in which a bilinear bond-slip model was 
assumed for modelling the constitutive behaviour of the bonded interface. Regardless of the material 
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property degradation induced by the temperature increase, numerical results showed that an 
increase/decrease of the service temperature led to a corresponding increase/decrease of the ultimate 
load (Gao et al., 2012). While this study provided a good understanding of the behaviour of FRP-to-
concrete bonded joints, similar to that of single-shear pull-off tests, the effect of temperature 
variations on the behaviour of bonded joints with intermediate cracks is still unknown.  
The objective of the current study is to develop an analytical model to consider the effect of 
temperature variations on the full-range behaviour of FRP-to-concrete bonded joints with 
intermediate cracks. Three main simplifying assumptions are made in the current study:  
1. Use of a bilinear bond-slip model as assumed in Gao et al. (2012) without considering the 
possible variation in fracture energy due to a change in failure surface (e.g. change in 
failure from cohesion failure within concrete to cohesion failure within adhesive). While 
the change in failure surface is likely to influence the fracture energy, and thus the bond-
slip behaviour, bond-slip models considering such a change in failure surface are still not 
available. Therefore, a constant bilinear shape model was assumed in the current study. 
Once data for exact bond-slip model considering changes in failure surface becomes 
available, such a bond-slip model could easily be used to replace the bilinear bond-slip 
model used in this study.  
2. It was also assumed that the bond-slip models are fully reversible (Teng et al. (2006)). 
This assumption obviously lacks thermodynamic consistency, as dissipated energy during 
the bond-slip process is clearly not reversible. However, the exact damage behaviour of 
bond-slip curves under varying temperatures is still unknown. Until such models become 
available, the commonly assumed fully reversible bond-slip model is adopted in this study.  
3. Temperature dependency of the bond-slip parameters was ignored (i.e. change in bond 
shear strength and stiffness). This allows a simplified closed-form solution to be obtained. 
Temperature dependency of the bond-slip models is still unknown. However, if the 
temperature variations become significant (i.e. maximum temperature become close to 
glass transient temperatures of a constituent), results of the model presented here may no 
longer be applicable.  
The validity of the solution was firstly verified by a numerical case study using a nonlinear spring 
(NLS) based FE model. The interfacial shear stress and slip distribution along the bond length under 
combined thermal and mechanical loading were then studied. In addition, a cohesive element based 
FE model was developed to investigate the effect of interfacial damage induced by the slip reversal.  
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6.2 Problem description and governing equations 
Figure 6.1 illustrates the simplified model of a FRP-to-concrete bonded joints loaded at both ends. 
As shown in the Figure 6.1, 
ct  and cb  are the thickness and width of the concrete block respectively, 
and pt  and pb  are the thickness and width of the FRP plate respectively. Forces acting at both ends 
are denoted as 
1P , 2P  (FRP plate) and 3P , 4P  (concrete block), and the bond length is L . The elastic 
modulus of FRP and concrete are denoted as pE  and cE respectively. The local coordinate originates 
at the left end of the bond interface. T  represents a uniform temperature change at the interface. p
 and c are the thermal expansion coefficients of the FRP plate and the concrete prism respectively. 
Adopting the same assumptions as the single-shear pull-off tests of FRP-to-concrete bonded joints, 
equilibrium of the FRP-to-concrete interface can lead to the following equations: 
 =0p
p
d
dx t

   (6.1) 
 1 3 2 4p p p c c ct b t b P P P P P         (6.2) 
In which   is the interfacial shear stress, p  and c  are the axial stresses in the plate and the 
concrete block respectively. Taking the thermal displacement caused by temperature change in the 
FRP plate and concrete block into consideration, the constitutive equations for two adherends can be 
obtained as follow: 
  f    (6.3) 
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 
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 
  (6.5) 
Where pu  and cu  are the longitudinal displacement of FRP plate and concrete block respectively. 
The relative displacement between the two adherends can then be expressed as: 
 p cu u     (6.6) 
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From Equations (6.3)-(6.6), the governing differential equation of the bonded joints could be found 
as: 
  
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2 2
2
0
f
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    (6.7) 
Where f  is the maximum shear stress and fG  is the mode II interfacial fracture energy. 
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The FRP plate axial stress is given by: 
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  (6.9) 
It can be shown that the governing differential equation is the same as that of a single-shear pull-off 
bonded joint. The primary differences are introduced by the existence of loading at both free ends 
and the temperature change affecting the plate stress. If the bond-slip model of the FRP-to-concrete 
joints, i.e.  f   is known, then the governing differential equations can be solved. 
6.3 Problem description and assumptions 
To get a closed-form solution to the problem described above, the following assumptions were made:  
1. The shear stress along the thickness of the adhesive was assumed to be uniform and the 
interface subjected to only mode II loading. In addition, there was no consideration given to 
possible friction and interlocking within the debonded interface. 
2. A fully reversible bond-slip relation was used to represent the interfacial behaviour, as shown 
in Figure 6.2a. The bilinear bond-slip model consists of a linear ascending branch and linear 
descending branch. The fracture energy fG  in this figure is given by the area under the bond-
slip curve. The slip corresponding to the maximum shear stress ( f ), represents the maximum 
elastic slip. When the relative slip reaches f , full debonding, and thus zero shear stress 
transfer, was assumed. When unloading occurs, it was assumed that the interface can regain 
its strength.  
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As mentioned in Section 6.1, the author acknowledges that assumption 2 is not valid considering the 
fact that once the interface enters the softening region, damage would initiate and energy would be 
dissipated, which is not recoverable. However, accounting for the damage makes the derivation of an 
analytical solution much more complex, and a closed-form solution may not be possible. In order to 
achieve a simple closed-form solution, the bond-slip behaviour was assumed to be fully reversible. 
Further discussion on this simplified assumption will be examined later in the Section 6.6 using a FE 
model with different considerations of the bond-slip behaviour. 
With these assumptions, the local bilinear bond-slip model can be expressed mathematically as 
follows: 
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With the bond-slip model given in Equation (6.10). Equation (6.7) for different stages of the bond-
slip model can be written as:  
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As the external load increases, elastic, softening and debonding regions may exist along the bond 
length. Without specifying the situations of combining effect of external load and thermal load, the 
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possible combined stages of the bonded interface can be listed as: a) elastic interface (E) (Figure 6.3 
I.a,b and II.a,b), b) elastic-softening interface (ES) (Figure 6.3 I.c,d,h,i), c) softening-elastic-
softening interface (SES) (Figure 6.3 I.e and II.c,d), d) elastic-softening-debonding interface (ESD) 
(Figure 6.3 I.j), e) softening-elastic-softening-debonding interface (SESD) (Figure 6.3 I.g), f) 
debonding-softening-elastic-softening-debonding interface (DSESD) (Figure 6.3 II.e), g) softening-
debonding interface (SD) (Figure 6.3 II.j-l) and h) softening stage (S) (Figure 6.3 I.n). Analytical 
solutions for the interfacial shear slip, interfacial shear stress and plate axial stress are derived in the 
subsequent section (Section 6.4) for each of the possible stages mentioned above.  
6.4 Analytical solutions for interfacial shear stress, slip and plate axial stress at different stages 
6.4.1 Elastic interface (E) 
This interface state occurs when the slip along the whole FRP-to-concrete interface is below 1 . 
Therefore, the whole interface satisfies Equation (6.11), with the boundary conditions of the FRP 
plate axial stress given by: 
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Solving Equation (6.11) with the above boundary conditions, the interfacial shear slip can be obtained 
as:  
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Applying the obtained slip to the local bond-slip model and the axial stress formulation yields: 
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In which 
  31 p c
p p p c c c
PP
M T
E t b E t b
        (6.21) 
  2 4 p c
p p p c c c
P P
N T
E t b E t b
        (6.22) 
It can be observed that the third item on the right hand side of the Equations (6.21) and (6.22) 
represents the influence introduced by temperature change. It is assumed that all external loads acting 
on the FRP-to-concrete bonded joints vary proportionally, as described by the following conditions: 
 2 1P P   (6.23) 
 3 1P P   (6.24) 
Taking advantage of Equation (6.2), 4P  and P  can be expressed as: 
  4 11P P      (6.25) 
   11P P    (6.26) 
Substituting Equations (6.23)-(6.26) in to Equations (6.21) and (6.22) yields: 
  1
1
p c
p p p c c c
M P T
E t b E t b

 
 
      
 
  (6.27) 
  1
1
p c
p p p c c c
N P T
E t b E t b
  
 
  
      
 
  (6.28) 
Substituting Equations (6.23)-(6.26) into Equations (6.18) and (6.21)-(6.22), the slip at any point 
along the bond length can be expressed by the load at the left end, that is 
1P . More specifically, the 
displacements at the left end, i.e. 0x   and the right end, i.e., x L  (denoted as 
0  and 1  
respectively), can be expressed as follows: 
 0
1 1 1 1
1 1
sinh tanh
M N
L L   
     (6.29) 
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1 1 1 1
1 1
tanh sinh
L M N
L L   
     (6.30) 
Providing the temperature change is constant, it is obvious that the absolute value of the displacement 
at each end is determined by whether the value of   is greater or less than 1. However, there is no 
relevance in discussing both cases for values of  , i.e. 1   and 1  , since reversing the left end 
and right end of the FRP plate can give the same solutions when the value exceeds 1. Therefore, only 
values of 1   will be discussed in the present study, which corresponds to the propagation of 
softening and debonding always initiating from the right end or simultaneously at both ends. 
6.4.2 Elastic-softening interface (ES) 
Under the above mentioned conditions, the left part of the interface is still in the elastic stage while 
the remaining part enters the softening stage. Thus, the governing equations at the elastic part 
(Equation (6.11)) and softening part (Equation (6.12)) should be adopted in the elastic and softening 
regions respectively.  
To solve Equations (6.11) and (6.12), four boundary conditions are required. Assuming the softening 
length at the right part is a , the boundary conditions can be listed as follow: 
 2
0x
p p
P
t b


   (6.31) 
  is continuous at p x L a     (6.32) 
 1  or =  fx L a x L a         (6.33) 
 1
x L
p p
P
t b


   (6.34) 
Using Equations (6.31) and (6.33) as boundary conditions for the elastic region, i.e. 0 x L a   , the 
solutions for interfacial shear slip, shear stress and normal stress can be expressed as: 
 
 
 11
1 1
1 1 1
tanh 1
cosh sinh
cosh
L a
N x N x
L a

  
  
 
   
 
  (6.35) 
 
 
 11
1 1
1 1 1 1
tanh 1
cosh sinh
cosh
f L a
N x N x
L a
 
  
   
   
    
   
  (6.36) 
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 
 
 
11
12
1 11
2
1
1
tanh
sinh
cosh
2 1
cosh
f
p
f p
p c
c c c
L a
N x
L a
G t P
N x T
E b t


  


  

  
 
 
  
        
  
  (6.37) 
Using the continuity of axial stress and the slip at x L a  , the solution for the softening region, i.e. 
L a x L   can be obtained as: 
 
 
 
 
   
1
1 1 2
2 2 1
1 2
1 1
tanh sin
cosh
cos
f
f
L a N x L a
L a
x L a
 
      
 
   

    
  
  
  (6.38) 
 
 
 
 
 
1
1 1 2
1 2 2 1
2
1 1
tanh sin
cosh
cos
f
f
f
L a N x L a
L a
x L a
 
      
  
  
 
   
    
 
  (6.39) 
 
 
 
 
     
2
2 1
1 1 22
2 2 1
1 2
2
1 1
tanh cos
2 cosh
1
sin
f
p
f p
f p c
c c c
L a N x L a
G t L a
P
x L a T
E b t
  
   
   
    

 
     
 
 
         
 
  (6.40) 
Substituting Equations (6.23)-(6.26) and (6.34) into Equation (6.40), the load at the right end can be 
expressed as: 
 
     
   
   
1 1 1 2 2 1 1 2
2 1
1
1 2 1 2
sinh L cos cosh L sin
cos cosh L
cosh (L ) cos cosh (L ) 1 cos
f
p c
p p p c c c
a a a a
T a a
P
a a E b t a a E b t
       
   
       
    
 
        
        
 (6.41) 
The displacements at the right and left ends can be obtained from Equation (6.35) and Equation (6.38) 
respectively, and given as follows: 
  
 
 10 1
1 1
1
tanh
cosh
N L a
L a


 
   

 (6.42) 
  
 
 
 
1
1 1 2
2 2 1
1 2
1 1
tanh sin
cosh
cos
L f
f
L a N a
L a
a

   
  
  
 
     
 
 
 (6.43) 
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6.4.3 Softening-elastic-softening interface (SES) 
As the load increases, interfaces close to the left end may enter the softening state. Considering a 
softening length e  at the left side and another softening length a  at the right side, the governing 
equations for the softening and elastic region to the left is given by Equation (6.13) and Equation 
(6.11) respectively, and for the softening region to the right by Equation (6.12). The boundary 
conditions for this stage can be written as: 
 2
0
   and  is continuous at p px
p p
P
x e
t b
 

    (6.44) 
  
1 1 or  and  or f fx e x e x L a x L a                   (6.45) 
  1 is continuous at  and p p x L
p p
P
x L a
t b
 

    (6.46) 
The solutions for the interfacial shear slip, shear stress and normal stress within the softening region 
at the left side can be obtained as: 
        11 1 1 2 1 2
2
1
tanh sin cos
2
f fL a e x e x e

       

          
 
 (6.47) 
      12 1 2 2
1
1
tanh sin cos
2
f fL a e x e x e

     

         
 
 (6.48) 
 
   
     
1
1 1 1 22
2
2 1 2
1
tanh cos
2
2
sin
f
p
f p
f p c
c c c
L a e x e
PG t
x e T
E t b
      
  
  
       
  
  



     
 (6.49) 
The solutions for the interfacial shear slip, shear stress and normal stress within the elastic region 
e x L a    can be obtained as: 
      11 1 1 1 1
1
cosh tanh sinh
2
x e L a e x e     
 
       
 
 (6.50) 
       11 1 1
1
cosh tanh sinh
2
f fx e L a e x e     
         
 
 (6.51) 
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 
   
 
1 1 1
2
1
1 1 1 12
sinh
1
tanh cosh
2 2
f
p
f p
p c
c c c
x e
L a e x e
G t
P
T
E t b

 
  
 
  
      
  
 
    
 
 

    

 
 (6.52) 
The solutions for the interfacial shear slip, shear stress and normal stress within the softening region 
at the right side, i.e. L a x L    can be obtained as: 
  
   
   
11
1 1 2
2
1 2
1
tanh sin
2
cosf f
L a e x L a
x L a
       
 
    

   

   
 (6.53) 
       12 1 2 2
1
1
tanh sin cos
2
f fL a e x L a x L a

     

           
 
 (6.54) 
  
   
   
 
1
1 1 1 2
2
2 1 22
1
tanh cos
2
sin
2
f
p f
f p
p c
c c c
L a e x L a
x L a
G t
P
T
E t b
       
  
 
     
 
    
  
  

    

 
 (6.55) 
It can be seen that the expressions for the interfacial shear slip and shear stress are the same as those 
given in Teng et al. (2006), as the governing equations and the boundary conditions are the same. The 
introduction of temperature change is indicated in the expression of the axial stress within the FRP 
plate. Considering the axial stress expressed in Equations (6.44) and (6.46), the relationship between 
the applied force 1P  and the softening length e  and a  can be obtained as: 
 
 
   
1 1
1 1 1 2
1
2 1 2
1
tanh cos1 2
sinp p p c c c f p c
L a e e
P
b E t b E t
e T
    
     
          
       
        
  (6.56) 
or  
 
 
   
1 1
1 1 1 2
1
2 1 2
1
tanh cos1 2
sinp p p c c c f p c
L a e a
P
b E t b E t
a T
  
     
        
       
        
  (6.57) 
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Accordingly, the displacement at the left and right end can be expressed as functions of the softening 
length a  and e  by: 
    110 1 1 2 1 2
2
1
tanh sin cos
2
f fL a e e e

      

          
 
  (6.58) 
    11 1 1 2 1 2
2
1
tanh sin cos
2
L f fL a e a a

      

         
 
  (6.59) 
It is not difficult to observe that when 1  , the softening region length and the displacement will 
have the same value at both ends, which obviously holds true in an ideal bonded joint. 
6.4.4 Elastic-softening-debonding interface (ESD) 
Debonding initiates when the maximum interfacial shear slip exceeds f . Once debonding initiates 
at the right end, and propagates towards the left end, the remaining interface is in the elastic-softening 
stage which is equivalent to the ES interface. Denoting the softening length at the right end as da , the 
value of 1P  that corresponds to the initiation point of the debonding can be calculated by combining 
Equations (6.41) and (6.43):  
     
   
 
 
1 1 1 2 2 1 1 2
2 1
1
1 2
1 2
sinh L cos cosh L sin
cos cosh L
cosh (L ) cos
cosh (L ) 1 cos
d d f d d
p c d d
d d p p p
d d c c c
a a a a
T a a
P
a a E b t
a a E b t
    
 
        
   
 
        
       
   
  
    
 (6.60) 
         
   
   
2 1 2 1 1 1 2 1
2
1
2
cos cosh L sin sinh L
sin
1 sin
f d d d d
p c d
p p p c c c d
a a a a
T a
P
E b t E b t a
       
  
   
    
 
   
  
    
  (6.61) 
Taking the debonding length as d , solutions for this situation can be directly obtained by replacing 
the bond length L  in Equations (6.35)-(6.40) and Equations (6.60)-(6.61) with L d . Meanwhile, 
the displacement at the right loaded end can be expressed as: 
   1
1
L f p c
p p p c c c
P T d
b E t b E t

  
  
         
   
 (6.62) 
It can be found that when debonding occurs, the displacement at the right end is determined by the 
length of the debonded region. When the slip value at 0x   reaches f (Figure 6.3 I.k), the elastic 
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interface vanishes. The length of the softening region at this moment 
ua L d a   , can be obtained 
by solving Equations (6.60)-(6.61).  
6.4.5 Softening-elastic-softening-debonding interface (SESD) 
The SESD interface can be taken as the subsequent stage when the SES interface starts to debond at 
the right end. Therefore, solutions obtained for the SES interface are applicable by considering the 
length of the bonded joint to be the total length minus the debonded length. From Equations (6.54), 
(6.56), (6.57), (6.59), the softening length at the debonding initiation, denoted as 
da , can be obtained 
as:  
  
   
 
1
2 1 2
1
2
cos1
sin
f d
p c
p p p c c c d
a e
P T
b E t b E t a
     
 


    
            
 (6.63) 
  
 
 
1
2 1
1
2
1
sin
f
p c
p p p c c c d
P T
b E t b E t a
  
 


  
            
 (6.64) 
     12 1
2
1
tan tanh
2
d da L e a

 

 
   
 
 (6.65) 
As the debonding length increases, Equations (6.53)-(6.65) are still valid if L  is replaced by L d
and da  is replaced by the softening length a , where d  represents the debonding length at the right 
end. Moreover, the relation between the displacements at x L  and the load 1P  can still be expressed 
by Equation (6.62). Further, since it is assumed that the local bond-slip model is fully reversible, the 
regions at the left which have already experienced softening will regain strength when the slip starts 
to reverse. The length of the softening region at the left will continue to decrease until the shear stress 
at 0x   reaches f  and the interface reduces to an ESD interface. Thus, the solution can be obtained 
by following the analysis in Section 6.4.4. The corresponding bond length at this instance can be 
calculated by substituting 0e   in to Equation (6.63)-(6.65) and solving for a  and d . 
6.4.6 Debonding-softening-elastic-softening-debonding interface (DSESD) 
This situation may come about when the interfacial slip at both ends exceeds f . Taking identical 
load values at both ends as an example and excluding the debonding length at both sides, the 
remaining interface is in the SES stage, which can be treated with the same formulations as in Section 
6.4.3. Since identical loads were assumed at both ends, the displacement at both ends reaches f  
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simultaneously when debonding initiates, i.e. 0 L f    . The softening length at both sides also 
has the same value, i.e. e a . Making use of Equations (6.57) and (6.59), the softening length when 
debonding initiates, denoted as 
da , and the corresponding load can be expressed as: 
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As debonding propagates towards the middle of the interface, the equations associated with the SES 
interface are still applicable if the length of the intact region is used. Likewise, Equations (6.66) and 
(6.67) can be directly employed with L  replaced by 2L d , in which d  is the debonded length on 
each side. Similarly, the displacement at the right loaded end can be calculated from Equation (6.62). 
6.4.7 Softening-debonding interface (SD) 
Assuming sufficient bond length, an ESD or SESD interface will finally reduce to a SD interface 
when the slip at 0x   reaches f . The softening and debonding length at this stage is denoted as ua  
and d  respectively and the following relation can be obtained: 
 ua L d   (6.68) 
The governing equation for the softening interface is given by Equation (6.12), with boundary 
condition: 
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Solutions for the interfacial shear slip, shear stress and plate axial stress within the softening region 
can be found as: 
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Similarly, the displacement at the right end can be expressed as: 
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From Equation (6.71), it can be observed that the length of the softening region varies with the 
temperature. For a given loading condition, 1   and   are taken as constants. Assuming the 
thermal expansion coefficient of the concrete is larger than that of the FRP plate, the influence of the 
thermal loading at this stage can be discussed as follows: 
a) For a temperature decrease, i.e. 0T   
In this case, the contraction of the concrete substrate is greater than that of the CFRP plate. Therefore, 
the slip is negative at the left end but positive at the right end. As such, when the slip at the left end 
reaches f , the slip at all other regions will be greater than f  and the external force will reduce to 
zero. Therefore, the above boundary conditions (Equation (6.69) and (6.70)) still apply. 
The length of the softening region becomes shorter when the temperature decreases. With a decrease 
in temperature, the slip at the two ends is of the same sign as the slip due to loading. The length of 
the softening region further decreases with a decreasing load, which means debonding still propagates 
towards the left end. This can be explained by the fact that reducing external load enhances the 
influence of the initial slip, hence increasing the slip at the left end.  
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b) For a temperature increase, i.e. 0T   
When the temperature increases, the slip will be positive at the left end and negative at the right end 
since the concrete substrate has a greater extension. Unlike the temperature decrease case, when the 
slip at the left end reaches f , the slip in the other regions will be less than f . Under this condition, 
slip reversal in the debonded region may occur. With a fully reversible bond-slip relation, the 
softening region will propagate to the right end of the bonded joint until the slip at the right end 
reaches f . Therefore, the following boundary condition at the right end of the softening region 
should be applied to solve Equation (6.12):  
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Solving the equations for the slip, shear stress and plate axial stress as: 
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The displacement at the right and left end can be expressed as:  
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Taking advantage of the Equations (6.76) and (6.79), the relationship between the external force at 
the right end and the debonding length can be obtained as follows: 
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Equation (6.81) clearly indicates that if there is no thermal loading, the external load at this stage 
would be zero. However, it should be noted that there is only a mathematical meaning to this condition 
as it is impossible for the debonded region to regain its strength. A local bond-slip model considering 
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damage while unloading will be employed to identify a more realistic behaviour at this stage, with an 
accompanying FE model provided in Section 6.5. 
6.4.8 Softening interface (S) 
When the interface is close to full failure and an increase in temperature occurs, only a softening stage 
may exist within the bonded interface. This situation would be more likely to arise for smaller bond 
lengths. The whole interface may experience an elastic stage, an elastic-softening stage and then a 
softening stage along the whole bond length, which would mean no debonding would occur before 
the peak shear stress reaches the right end of the interface. Solutions for the elastic and elastic-
softening stage have been provided in Equations (6.18)-(6.20) and Equations (6.35)-(6.43). Solutions 
for the interfacial slip, shear stress and normal stress for the softening stage can be found by solving 
Equations (6.12) with the following boundary conditions:  
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to be: 
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The displacement at the right end can be obtained by setting x L  in Equation (6.83) as: 
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6.5 Finite element modelling 
To verify the solutions obtained from the analytical model and to examine the effects of assuming a 
fully reversible bond-slip model, two finite element models, one assuming a fully reversible bond-
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slip behaviour (called Model-1 hereafter) and another assuming damage of the interface during 
softening (called Model-2 hereafter), were developed using Abaqus 6.13 (Abaqus, 2013) to simulate 
the behaviour of FRP-to-concrete bonded joints between adjacent cracks subjected to combined 
thermal and mechanical loading (Figure 6.4). In both models, the FRP plate and the concrete block 
were simulated with truss elements, i.e. T2D2 (Abaqus, 2013), since the FRP and concrete were 
assumed to be subjected to axial deformations only. A mesh size of 0.5mm was employed in the FE 
models. Vertical constraints were applied to the FRP and concrete block at every node to ensure the 
substrates had no vertical movements, thus ensuring the bonded interface was in pure mode II loading 
condition. The node at the mid-length of the concrete block (Figure 6.4) was constrained in both the 
horizontal and vertical direction to avoid instability. 
In Model-1, Spring2 type elements (Abaqus, 2013) were employed to model the adhesive layer. The 
spring behaviour was assumed to be similar to that of a bilinear bond-slip model. The strength of the 
displacement-force relationship of the nonlinear spring was determined by multiplying the shear 
stress of the bond-slip relation with the area between two springs in the transverse direction. Both 
nodes of the Spring 2 element were tied with the corresponding nodes of FRP and concrete. Therefore, 
a perfect bonding was assumed in this case. The assumptions that the displacement-force relationship 
of the spring2 element is fully reversible made in Model-1 are the same as those made in the analytical 
model presented previously in this chapter and therefore, results from Model-1 could be used to 
validate the analytical solution.  
In Model-2, 2D cohesive type elements, i.e. COH2D4 (Abaqus, 2013), were used to model the 
adhesive layer. The constitutive behaviour of the cohesive elements were defined using a bilinear 
bond-slip model with linear damage. Similarly, the nodes of the cohesive elements were tied to the 
corresponding nodes of the FRP and concrete. Compared to the fully reversible bond-slip model, the 
modelling techniques used in Model-2 are capable of considering the damage when slip reversal 
occurs in the softening stage (Figure 6.2b). The damage was defined using a linearly varying damage 
parameter, which is calculated as follows (Abaqus, 2013): 
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Where 
m  is the slip value when unloading occurs as illustrated in Figure 6.2b. With this damage 
definition, the relationship between the interfacial slip and shear stress during the softening stage can 
be expressed as: 
   01 D K    (6.88) 
204 
 
Where 0K  is the initial stiffness when the bond-slip model is still in the elastic stage. The general 
Riks solver (Abaqus, 2013) was used to capture the full-range behavior of the FRP-to-concrete 
bonded joint under thermal loading. 
6.6 Numerical example 
A bonded joint as shown in Figure 6.1 was modelled using both the proposed analytical model and 
the FE models. Klamer (2009) test results provided all necessary input required for the analysis, and 
was also adopted by Gao et al. (2012), to investigate the effect of temperature on FRP-to-concrete 
bonded joints loaded at one end. The thickness of the FRP plate, adhesive and the concrete were 
1.2mm, 1.5mm, and 75mm respectively. The width of the FRP plate and the concrete prism were 
100mm and 150mm respectively. The material properties provided in Klamer (2009) were adopted 
in this study and were: elastic modulus of the FRP plate 165000MPapE  , elastic modulus of the 
concrete 26800MPacE  , thermal expansion coefficient of the FRP plate 
60.3 10 /p C
  , and 
thermal coefficient of the concrete 610.2 10 /c C
  . The peak shear strength of the interface was 
taken to be 2.77MPa, the slip at peak shear strength was taken to be 0.09mm, and the ultimate slip 
was determined as 0.41mm, based on an interfacial fracture energy of 0.57 N/mm. In this case study, 
0.8   and 0.5   were adopted. Both an increase and decrease of the temperature was considered.  
Figure 6.5 compares the full-range load-displacement curve from the loaded end on the right side 
from analytical solution with that obtained from Model-1 for both temperature increasing and 
decreasing scenarios. An excellent agreement was achieved between the analytical solution and 
Model-1 results, indicating good accuracy of the analytical solution. At the very beginning when only 
temperature variation was applied (i.e. point O and point O’), the slip (Figure 6.6a-I) and shear stress 
(Figure 6.6a-II) distributions were inversely symmetric about the mid-length point of the bonded 
joints. Because the thermal expansion coefficient of the FRP is less than that of the concrete, the slips 
at the right side of the bonded joints (i.e. right side from the mid-length point) were negative when 
the temperature increased and positive when the temperature decreased. Once mechanical loading 
was applied, the whole interface is initially in an elastic stage (Figure 6.6a), and the slip at the loaded 
end on the right side of the bonded joints increased linearly with the load up until points A and A’ 
(Figure 6.5) respectively for temperature increasing and decreasing scenarios. The end of the elastic 
stage was reached when the slip at the loaded end on the right side of the bonded joints reached 
0.09mm. The loads corresponding to the end of elastic stage were 28.6kN and 17.3kN for the 
scenarios of temperature increasing and decreasing respectively. Negative slip caused by the initial 
temperature increase results in a higher load at the end of the elastic stage for the bonded joints with 
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an initial temperature increase compared to that of the bonded joints with an initial temperature 
decrease. Since the load at the left end of the bonded joint was smaller than that at the right end, the 
left side of the interface was in an elastic stage until the load reached 36.6 kN and 22.2kN (i.e. point 
B and B’ respectively) for temperature increasing and decreasing scenarios respectively. During this 
process, the interface close to the right end entered the softening stage and propagated towards the 
left end of the bonded joints (Figure 6.6b). After that, the interface exhibits subsequent softening, 
elastic and softening region. As indicated by Figure 6.6c, the softening region at the two ends moved 
towards the centre of the interface simultaneously. Once the slip at the loaded end on the right side 
of the bonded joints exceeds the ultimate slip value (point C and C’), debonding initiated at the loaded 
end on the right side (Figure 6.6c). With an increasing load, the length of the debonding region also 
increased, and softening region on both sides started to propagate towards the left end of the bonded 
joints (Figure 6.6e). Because of the fully reversible bond-slip relation assumed in these models, the 
softening region close to the left end of the bonded joints reversed back to elastic stage, and eventually 
turned the interface into an elastic-softening-debonding stage when the load reached 72.1kN and 
65.8kN (point D and D’) (Figure 6.5) for temperature increaseing and decreasing scenarios 
respectively. A further increase in both the slip at the loaded end on the right side and the slip at the 
loaded end on the left side, reduced the length of the elastic region gradually and the interface 
eventually entered a softening debonding stage (Figure 6.6f). The points where the interface enters 
the softening debonding stage are denoted by points E and E’ on the temperature increasing and 
decreasing curves respectively (Figure 6.5). Subsequently, the displacement of the bonded joints for 
the temperature decreasing scenario decreased linearly with the load until the whole interface was 
debonded. The loaded end displacement of the bonded joints in the temperature decreasing scenario 
also decreased linearly until point F’ in Figure 6.5. However, unlike in the temperature increasing 
scenario, a key difference can clearly be observed that the softening region expands towards the right 
end rather than moving to the left end as in the temperature increase scenario (Figure 6.6g-I). As the 
external load decreased, the debonded area could be seen to regain strength as a result of the full 
reversal bond-slip model adopted in this study (Figure 6.6g-h). At 6.6kN (point F in Figure 6.5), the 
softening area has already reached the right end (Figure 6.6h). Before the slip at the left end reached 
the ultimate value, the whole bond length moves in to the softening stage as shown in Figure 6.5h 
(segment F-G in Figure 6.5). Subsequently, debonding initiates from the left end and propagates 
towards the right end.  
Figure 6.7 compares the full-range load-displacement curves obtained from the analytical results and 
Model-2. Predictions from both models agree relatively well for both the temperature increase and 
temperature decrease scenarios. As discussed previously, the only difference between these two 
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models is the damage behaviour considered in Model 2, whereas full reversal bond-slip behaviour 
was considered in the analytical solution. Therefore, when the interface is not experiencing any slip 
reversal, both models behave in the same manner. This is illustrated in the excellent agreement in the 
load-displacement curves seen up until points A and A’ (Figure 6.7). Once debonding starts 
propagating from the left end (Figure 6.6c), regions towards the left which had already entered the 
softening stage may experience slip reversal. This reversal in slip results in variations in the load-
displacement curves obtained from the analytical solution and Model-2. During this slip reversal 
process, the displacements from Model-2 showed lower values than that of the analytical solution. 
These differences are more pronounced in the temperature increase scenario than in the temperature 
decrease scenario. In both scenarios, the analytical solution utilizing the full reversal bond-slip model 
predicts higher loads capacity than that of Model-2. This is expected, as the full reversal bond-slip 
behaviour assumption results in a recovery of the debonded regions, thus resulting in further load 
transfer through those recovered regions. Once the whole interface enters softening, the increase in 
slip becomes again monotonic, and thus both models begin to give identical results (Figure 6.6f and 
point B and B’ in Figure 6.7). Irrespective of the errors resulting from the full reversal of the bond-
slip model in the analytical solution, the predictions from this model agree relatively well with the 
results of Model-2. As such, the analytical solution presented in the current study still serves the 
important role of providing a good understanding of the debonding process of the FRP-to-concrete 
bonded joints between two adjacent cracks under thermal loading. 
6.7 Closure 
In this chapter, a theoretical study on the effect of temperature on the full-range behaviour of FRP-
to-concrete bonded joints loaded at both ends is presented. To obtain closed-form expressions for 
interfacial shear slip, shear stress and plate axial stress at different stages, a full reversal bond-slip 
relation is employed. The analytical solution was verified using the results from an FE model with 
nonlinear spring elements. The effects of the full reversal bond-slip assumption on the load-
displacement behaviour was examined by comparing the results of the analytical solution with that 
of an FE model with cohesive elements, where the behaviour of the cohesive elements were defined 
using a bilinear bond-slip model with damage considered within the softening region of the bond-slip 
curve.  
It was shown that the presented analytical solution can be used to gain a basic understanding of the 
thermal effect on the full-range behaviour of FRP-to-concrete bonded joints loaded at both ends. Such 
full-range behaviour can be used to determine the maximum stress level in the FRP plate between 
two intermediate cracks under temperature variations, especially when the intermediate crack 
debonding governs the strengthening design. The effect was to introduce initial shear stress on the 
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joints as a result of the different thermal expansion coefficients of FRP and concrete. The load-
deformation behaviour obtained from the analytical solution agreed well with that of the FE model 
with full reversal bond-slip model, thus indicating the accuracy of the analytical solution. However, 
the full reversal bond-slip relation used in the analytical solution resulted in a higher load capacity 
prediction compared to the results of the FE model with a bond-slip behaviour considering damage 
within the softening region. This difference in load however is small, and thus the analytical solution 
presented in this study provides a simple solution to better understand the full-range behaviour of 
FRP-to-concrete bonded joints loaded at both ends subjected to temperature variations. 
  
Reference 
Abaqus 2013. Abaqus Documentation. Dassault Systèmes,Providence, RI, USA. 
Büyüköztürk, O. & Hearing, B. 1998. Failure behavior of precracked concrete beams retrofitted with 
FRP. Journal of Composites for Construction, 2, 138–144. 
Chen, J. F., Yuan, H. & Teng, J. G. 2007. Debonding failure along a softening FRP-to-concrete 
interface between two adjacent cracks in concrete members. Engineering Structures, 29, 259-
270. 
De Lorenzis, L., Fernando, D. & Teng, J. G. 2013. Coupled mixed-mode cohesive zone modeling of 
interfacial debonding in simply supported plated beams. International Journal of Solids and 
Structures, 50, 2477-2494. 
Gao, W. Y., Teng, J. G. & Dai, J. G. 2012. Effect of temperature variation on the full-range behavior 
of FRP-to-concrete bonded joints. Journal of Composites for Construction, 16, 671-683. 
Klamer, E., Hordijk, D. & Janssen, H. The influence of temperature on the debonding of externally 
bonded CFRP.  7th int symp on fiber reinforcement polymer reinforcement for concrete 
structures (FRPRCS-7), 2008. 1551-70. 
Klamer, E. L. 2009. Influence of temperature on concrete structures strengthened with externally 
bonded CFRP. Netherlands.: Eindhoven Univ. of Technology. 
Rabinovich, O. & Frostig, Y. 2000. Closed-form high-order analysis of RC beams strengthened with 
FRP strips. Journal of Composites for Construction, 4, 65-74. 
Rabinovitch, O. 2010. Impact of thermal loads on interfacial debonding in FRP strengthened beams. 
International Journal of Solids and Structures, 47, 3234-3244. 
Smith, S. T. & Teng, J. G. 2001. Interfacial stresses in plated beams. Engineering Structures, 23, 
857–871. 
Smith, S. T. & Teng, J. G. 2002. FRP-strengthened RC beams. I: review of debonding strength models. 
Engineering Structures, 24, 385–395. 
208 
 
Täljsten, B. 1997. Strengthening of beams by plate bonding. Journal of Materials in Civil 
Engineering, 9, 206-212. 
Tamai, Y. & Aratani, K. 1972. J. Phys. Chem., 76, 3267. 
Teng, J. G., Smith, S. T., Yao, J. & Chen, J. F. 2003. Intermediate crack-induced debonding in RC 
beams and slabs. Construction and Building Materials, 17, 447-462. 
Teng, J. G., Yuan, H. & Chen, J. F. 2006. FRP-to-concrete interfaces between two adjacent cracks: 
Theoretical model for debonding failure. International Journal of Solids and Structures, 43, 
5750-5778. 
Wu, Z., Iwashita, K., Yagashiro, S., Ishikawa, T. & Hamaguchi, Y. 2005. Temperature effect on 
bonding and debonding behavior between FRP sheets and concrete. Journal of the Society of 
Materials Science, 54, 474-480. 
Yao, J. 2005. Debonding in FP-strengthened RC Structure. Doctorial, PolyU. 
Yuan, H., Teng, J. G., Seracino, R., Wu, Z. S. & Yao, J. 2004. Full-range behavior of FRP-to-concrete 
bonded joints. Engineering Structures, 26, 553-565. 
Zhu, J. T., Wang, X. L., Kang, X. D. & Li, K. 2016. Analysis of interfacial bonding characteristics 
of CFRP-concrete under fatigue loading. Construction and Building Materials, 126, 823-833. 
 
209 
 
 
Figure 6.1. The simplified configuration of FRP-to-concrete bonded joints under double-end 
loading and temperature increase 
 
Figure 6.2. Local bond-slip model considering unloading: (a) fully reversible bilinear bond-
slip model, (b) bilinear bond-slip model with linear damage 
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Figure 6.3. Possible interfacial shear stress distribution along the bond length when 1   
and 1  . 1  : I.a) Elastic stage, I.b) Initiation of softening at x=L, I.c) Propagation of the 
softening region, I.d) Initiation of softening at x=0, I.e) Propagation of softening region on 
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both ends, I.f) Vanishing of the softening region at x=0, I.g) Debonding propagation towards 
the left while softening region at left end, I.h) Propagation of softening region at the right side 
of the bond length, I.i) Initiation of debonding at x=L, I.j) Propagation of the debonding 
region at x=L, I.k) Softening debonding stage when the elastic region at left end just 
disappear, I.l) Softening region propagates towards the left in temperature decreasing case, 
I.m) Softening region propagates towards the right end in temperature increasing case, I.n) 
The whole bond length is in softening region. 1  : II.a) Elastic stage, II.b) Initiation of 
softening simultaneously at both ends, II.c) Propagation of softening region from both ends 
towards the centre, II.d) Initiation of debonding simultaneously at both ends, II.e) 
Propagation of debonding from both ends towards the centre 
 
Figure 6.4. Schematic illustration of FEA (a) Model 1, (b) Model 2 
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Figure 6.5. The full-range load-displacement curve of the FRP-to-concrete joint under 
thermal loading from analytical model and FEA
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Figure 6.6. The interfacial shear distribution (I) and slip (II) along the interface under a temperature 
increase and decrease at different stages, (a) Initial zero load point and elastic stage, (b) The end of 
elastic-softening stage, (c) The end of the softening-elastic-softening stage, (d) Beginning of elastic-
softening-debonding stage, (e) Propagation of debonding, (f) Softening-debonding stage, (g) 
Propagation of softening-debonding stage, (h) Close to failure 
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Figure 6.7. Comparison between results form that analytical model and the cohesive element model 
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Chapter 7.  The bond behaviour of CFRP-to-steel bonded joints at 
elevated temperature: an experimental study 
7.1 Introduction 
Chapter 6 investigated the effect of different thermal expansion coefficients on the behaviour of FRP-
to-concrete bonded regions between two adjacent cracks. In the investigation, bond-slip behaviour 
was assumed to be unaffected by temperature variations. However, existing research has clearly 
shown that the mechanical properties of the adhesives and the adherends, and hence the bond-slip 
behaviour of FRP-to-concrete bonded joints, are effected by temperature variations (Moussa et al., 
2012). It was also shown that the failure mode of FRP-to-concrete bonded joints may change at 
elevated temperatures, from cohesive failure within concrete to cohesive failure within adhesive 
(Tommaso et al., 2001), or to adhesion failure at the concrete-adhesive interface (Blontrock, 2003, 
Klamer et al., 2005a). In order to understand the complex temperature dependent behaviour of the 
FRP-to-concrete interfaces, the effect on the bond-slip behaviour due to the temperature dependent 
mechanical properties of each constituent needs to firstly be understood. However, due to changes in 
the failure mode of FRP-to-concrete bonded joints at elevated temperatures, studying the effect of 
temperature dependent mechanical properties of each constituent on the bond-slip behaviour becomes 
difficult. On the contrary, the failure of CFRP-to-steel bonded joints has been shown to remain as 
cohesive failure within the adhesive at elevated temperatures (Zhou et al., 2017b). Therefore, such 
bonded joints tests may easily be used to investigate the effect of temperature dependent mechanical 
properties of the adhesive on the bond-slip behaviour of the bonded joints. As such, CFRP-to-steel 
bonded joints were employed in this chapter to investigate the effect of temperature dependent 
mechanical properties of the adhesive on bond-slip behaviour.  
Existing experimental studies on the bond behaviour of CFRP-to-steel bonded joints at varying 
temperatures were carried out on the basis of either the single or double lap test (Nguyen et al., 2011, 
Al-Shawaf et al., 2015, Yao et al., 2016) or the CFRP strengthened steel beam test (Stratford and 
Bisby, 2012, Sahin and Dawood, 2016). However, only the global behaviour of bonded joints at 
elevated temperatures was reported in these studies. An in-depth understanding of the localized bond-
slip behaviour of CFRP-to-steel bonded joints at elevated temperatures is still required. Therefore, an 
experimental study aimed at obtaining the required bond-slip behaviour of CFRP-to-steel bonded 
joints at elevated temperatures was undertaken in this study.  
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In this study, a series of single-shear pull-off tests of CFRP-to-steel bonded joints were carried out at 
different temperatures. A specially designed test set-up was used to achieve a stable temperature field. 
Strain distribution along the bond length was measured with ARAMIS DIC measurement system.  
7.2 Test preparation 
In this study, Sikadur 30 was used to bond the CFRP plate to the steel plate. The tensile properties of 
Sikadur 30 at elevated temperatures were first obtained through adhesive tensile coupon tests. Then, 
12 single-shear pull-off tests of CFRP-to-steel bonded joints were carried out. Details of the sample 
preparations of these two series of tests are presented in Section 7.2.1. 
7.2.1 Sample preparation 
7.2.1.1 Tensile coupon manufacturing 
Dimensions of the tensile coupons were selected according to ASTM D638-14 (ASTM, 2014) with 
a coupon thickness of 6.5mm (Figure 7.1a). As shown in Figure 7.1b, an aluminium mould used to 
achieve the desired coupon shape, consisting of a base plate and another top plate, was designed and 
manufactured. The top plate was assembled using four individual plates (I, II, III and IV in Figure 
7.1b). The top surface of the base plate and the sides of the moulds were covered with Teflon tape to 
make demoulding easier (Figure 7.1c). The adhesive was mixed and then slowly filled into the 
moulds with a syringe to avoid trapping large air bulbs inside the coupons. When the moulds were 
fully filled, the excessive adhesive was scrapped away slowly to achieve a flat surface. Another 
Teflon tape covered aluminium plate was then placed on top of the adhesive for vacuuming curing 
(Figure 7.1d). To prevent the vacuum bag from contracting under pressure, a medium-density 
fiberboard (MDF) panel was placed between the vacuum bag and the breather fabric (Figure 7.1d). 
Coupons were cured for at least three days at ambient temperature before demoulding. Demoulded 
samples (Figure 7.1e) were cured at ambient temperature for another three months before testing. 
7.2.1.2 Single-shear pull-off test sample manufacturing 
As suggested in Fernando et al. (2013), the bonding surface of both the CFRP (Sika CarboDur S512) 
and steel plates should be properly prepared to avoid adhesion failures at the CFRP-adhesive and 
adhesive-steel interfaces. Following the methods proposed in Fernando et al. (2013), the steel plate 
was first grit blasted to remove any weak oxide layers and to achieve a chemically active surface. The 
surface of the CFRP plate was also sanded slightly to achieve a chemically active surface. Before 
bonding, the grinded steel and CFRP surface were further cleaned with compressed air and then 
acetone.  
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The detailed preparation process of the CFRP-to-steel bonded joints is shown in Figure 7.2. The 
bonding area (50×200mm) was first marked on the steel plate. An alignment rig was used to make 
sure the centreline of the CFRP plate was aligned with the steel plate (Figure 7.1a and c) (Droudi et 
al., 2018). Similar to the preparation of the CFRP-to-concrete bonded joints, the sides of the bonding 
area were taped to avoid any adhesive bonding occurring outside the intended bonded region (Figure 
7.2b).  
While bonding, the adhesive was applied on the already prepared bonding surfaces of the CFRP plate 
and the steel plate. A similar set-up to that of the CFRP-to-concrete bonded joints was used to control 
the adhesive thickness. In this series of tests, the intended nominal adhesive thickness was 1.65mm. 
A steel roller was used to push over the whole bond length to squeeze out any excessive adhesive. A 
weight was then placed on top of the CFRP plate and the samples left to cure for at least seven days 
before testing (Figure 7.2d). With these preparation procedures adopted, a good sample quality was 
achieved as shown in Figure 7.2e. 
After all samples were cured, the thickness of the adhesive layer was measured using the DIC system. 
In these measurements, speckle patterns were applied on both the CFRP and steel plates. By 
comparing the depth of corresponding points on the CFRP plate and the steel plate, the thickness of 
the adhesive was obtained with high accuracy (Figure 7.3). Details of these samples are given in 
Table 7.1. The average adhesive thickness was measured to be 1.60mm with a standard deviation of 
0.088mm. Therefore, it can be concluded that the adhesive thickness was well controlled in this series 
of tests. 
7.2.2 Test set-up and instrumentation 
7.2.2.1 Test set-up of tensile coupon test and single-shear pull-off test 
Tensile coupon tests at elevated temperatures were conducted in an Instron environmental chamber. 
The DIC measurements were captured through the observation window of the environmental chamber 
(Figure 7.4a). Two mechanical grips, as shown in Figure 7.4b, were employed to apply the tensile 
load on the samples. 
For the single-shear pull-off tests of CFRP-to-steel bonded joints, samples and a test rig similar to 
that of Droudi et al. (2018) was employed (Figure 7.5). The main component of the test rig was a 
universal beam which was bolted to an MTS Landmark testing machine. The sample was bolted to 
the front side of the web through 4 M12 nuts. Two positioning pins were fixed on the web for the 
alignment of the sample. On the back of the web, a steel spacer was placed so that the heat from the 
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heating blanket (Figure 7.6b) could be transferred evenly to the sample. On top of the universal beam, 
two rollers (Figure 7.6a) were used to guarantee a single-shear loading condition throughout the test. 
To minimize the heat loss and to achieve a stable temperature of the sample, the universal beam was 
covered with an insulation mat, as well as the back of the heating blanket. 
7.2.2.2 Instrumentation for the temperature calibration 
To ensure the samples were tested at the desired temperature, the temperatures of the adhesive coupon 
and adhesive layer of the CFRP-to-steel bonded joints were calibrated before testing. The 
instrumentation used for the temperature calibration of the tensile coupon tests is shown in Figure 
7.7a. Three thermal couples (Type K), named TC-Inside1, TC-Inside2 and TC-Surface, were attached 
to the adhesive coupons. TC-Inside1 and 2 were embedded inside of each end of the coupon, while 
TC-Surface was attached to the surface of the coupon. Using these thermal couples, the temperatures 
on the inside and outside of the adhesive coupons were captured and compared to assess whether the 
temperature on the surface of the adhesive coupon could be used to control the temperature of the 
coupon tensile test.  
In one of CFRP-to-steel bonded joints (Figure 7.7b), three thermal couples (TCA-1, 2 and 3) were 
embedded in the adhesive layer along the bond length during manufacturing. Three corresponding 
thermal couples were also attached to the steel plate (i.e., TCS-1, 2 and 3). The intention was to 
compare the temperature measurements from TCA-1 to 3 to those from TCS-1 to 3 to obtain a 
relationship between the temperature on the steel plate and the adhesive layer. Once this relationship 
is obtained, the temperature on the steel plate can be used to control the heating process. 
7.2.2.3 Instrumentation for the adhesive coupons and CFRP-to-steel bonded joints 
To maintain the integrity of the tensile coupons and the CFRP-to-steel bonded joints, no thermal 
couples were embedded inside the adhesive. In the tensile coupon tests, only one thermal couple was 
attached to the surface of the adhesive coupon. Temperature calibration tests (presented in Section 
7.2.2.2) were used to determine the temperature at different locations from the measured surface 
temperatures. The thermal couple on the surface was covered by an insulation fabric. A speckle 
pattern was painted on the surface of the adhesive coupon for the strain measurement (Figure 7.8a). 
To achieve a good contrast of the speckle pattern, the surface of the adhesive coupons were painted 
with a thin layer of white paint before black speckles were painted. 
For the CFRP-to-steel bonded joints, three thermal couples were attached to the steel plate along the 
bond length to capture the steel temperature, whilst another thermal couple was attached on the 
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heating blanket. Two strain gauges were attached 100mm away from the loaded end on both sides of 
the CFRP plate to check for any bending of the CFRP plate. The strain of the CFRP plate was 
measured using the ARAMIS DIC system. For this, a speckle pattern as shown in Figure 7.8b was 
applied on the surface of the bonded region. 
7.2.3 Temperature control and test procedure 
To investigate the change in properties of the adhesive at elevated temperature, a stable and uniform 
temperature over the full duration of the test was required for both the tensile coupon test and the 
single-shear pull-off test. Therefore, an accurate and reliable technique for temperature control was 
necessary. In this section, the temperature control method used in this study and the result for both 
the adhesive coupons and the CFRP-to-steel bonded joints are presented. 
7.2.3.1 Temperature control of adhesive coupon test 
The adhesive tensile coupon tests were carried out inside the environmental chamber, which was first 
heated to the required temperature at a loading rate of 2 oC/min. The temperature was then maintained 
at a nearly constant value by switching on and off the heating fan. Through the temperature calibration 
test, the relationship between the temperature on the inside and the outside of the adhesive coupon 
was obtained as shown in Figure 7.9. It was observed that the temperature inside the adhesive coupon 
was slightly lower than the temperature on the outside at the beginning of the test. As heating 
continued, the temperatures on the inside and outside of the adhesive coupon became almost the same. 
This implied that the temperature on the surface of the coupon could be used to indicate the test 
temperature. Therefore, temperature control for the adhesive tensile coupon test was done by setting 
the environmental chamber temperature to the desired test temperature, and then leaving the test 
specimen at that temperature for a sufficient time, as measured through calibration tests. At the same 
time, the temperature of the coupon was constantly monitored to ensure the sample was not over 
heated as a result of the delay between temperature detection and heating of the environmental 
chamber. 
7.2.3.2 Temperature control of single-shear pull-off test  
In the single-shear pull-off test, a heating blanket was used to heat up the sample. Similar to the 
environmental chamber, the heating blanket was also switched on and off iteratively by comparing 
the real temperature of the sample with the target temperature. To achieve this, an eight-channel 
heating pad (Figure 7.10a) and temperature control software (Figure 7.10b) developed in LabView 
(Instruments, 2017) were used. Of the eight channels, the first channel was connected to the thermal 
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couple where the temperature was used as the control signal (such as the heating blanket and the steel 
plate), whose temperature was then used to set the heating profile. The other channels were used to 
record the temperature at other positions of interest, such as the FRP plate without bonding.  
Two temperature control methods were employed in this test. In the first temperature control method 
(Figure 7.11), the temperature on the heating blanket was initially used as the control signal until the 
desired test temperature was reached. After the target temperature was reached at around 1800 
seconds, the heating blanket was turned off so that the adhesive temperature was not increased further. 
Next, the control signal was switched to the temperature in the adhesive (i.e., the temperature on the 
surface of the steel plate). At the same time, a constant temperature profile was inputted as the control 
signal to maintain the temperature of the steel at a constant value. When the temperature started to 
decrease at 2200 seconds, the heating blanket was switched on again to maintain the temperature.  
It should be noted however that since there was commonly a time lag occurrence between reaching 
the temperatures on the heating blanket and the steel, the temperature on the heating blanket can be 
very high before the temperature of the adhesive starts to increase in the adhesive temperature control 
mode of this first method. Therefore, an appropriate temperature gradient was selected by trial and 
error. It can also be seen in Figure 7.11 that the temperature in the adhesive was almost the same as 
the temperature on the steel plate. This means the temperature on the steel plate can be taken as the 
temperature in the adhesive. 
The temperature profile of the second temperature control method is illustrated in Figure 7.12. Unlike 
the first control method, the temperature of the heating blanket was used as the control temperature 
throughout the test. The primary objective of this method was to establish a temperature balance 
between the heating blanket and the adhesive layer (i.e., the temperature of the steel plate). Such a 
balance was achieved by iteratively switching on and off the heating blanket manually. Different from 
the first temperature control method, the temperature of the heating blanket and the steel plate were 
both kept constant after the temperature balance was reached. Therefore, a constant thermal gradient 
between the heating blanket and the steel was maintained so that a stable temperature profile could 
be obtained during the test. Compared to the first method, this approach was more suitable for the 
test with a lower target temperature, since the temperature balance was easier to achieve. 
7.2.3.3 Test procedures 
Before applying the tensile loading, the tensile coupon was placed in the environmental chamber with 
only one end gripped to avoid any initial stress induced by the thermal expansion of the adhesive 
coupon. When a stable target temperature was reached, the other end of the sample was gripped. The 
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tensile load was then applied until the failure of the coupon. The loading rate of this series of tests 
was controlled to be 0.1mm/min.  
For the single-shear pull-off tests, the instrumented sample was mounted on the testing frame after 
the alignment of the centreline of the CFRP and the actuator was carefully checked by a laser leveller. 
Once setup, the sample was heated to the stable desired temperature with one of the aforementioned 
control methods. During temperature elevation, the CFRP plate was un-gripped until the target 
temperature was attained. The CFRP plate was then gripped and the load applied at 0.05mm/min until 
full debonding of the CFRP plate from the steel plate occurred. The strain in the bonding area was 
measured during both the temperature elevation and loading processes. 
7.3 Test results of tensile coupon test 
The heat deflection (distortion) temperature (HDT) of a plastic material is often used to represent the 
upper stability limit of the material, below which significant deformation under mechanical and 
thermal load may be avoided. When the temperature is beyond this value, a large deformation can 
occur without increasing the load applied, i.e., the critical softening temperature of adhesive (Wong, 
2003). Therefore, it is often used in assessing the structural application of polymers. Compared to the 
gT  value, the HDT is significantly affected by the fillers and reinforcement in the adhesive. 
According to the manufacturer’s data sheet (Sika, 2014), the HDT of Sikadur 30 is around 47 oC 
when cured at ambient temperature (25 oC). Therefore, tensile coupons were tested at 25 oC, 35 oC, 
40 oC, 45 oC and 55 oC. Failed samples are shown in Figure 7.13. The stress-strain curves of the 
adhesive at different temperatures are shown in Figure 7.14. It was evident that with an increase in 
temperature, the mechanical property of Sikadur 30 changed as follows: a) the mean maximum tensile 
strength decreased with temperature, especially when the adhesive temperature was above 40 oC, b) 
the stiffness of the adhesive dropped significantly with temperature. At lower temperatures (<40 oC), 
the tensile behaviour of Sikadur 30 was almost elastic. As the temperature increased, the adhesive 
exhibited elastic-plastic behaviour, c) the maximum strain corresponding to the final failure increased 
with temperature until 45 oC. A similar trend can also be found in experimental results presented in 
Moussa et al. (2012). 
7.4 Test results of the single-shear pull-off test 
As summarised in Table 7.1, the target temperatures for the CFRP-to-steel bonded joints were 
ambient temperature (25 oC), 32.5 oC, 40 oC, 47.5 oC, and 55 oC. Two samples were tested at each 
temperature, with an additional sample heated up to 50 oC to be tested. Since 47.5 oC is close to the 
heat deflection temperature, an additional sample was tested at this temperature.  
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7.4.1 Failure mode 
It has been shown that with proper surface preparation methods employed, the typical failure mode 
of CFRP-to-steel bonded joints at ambient temperature is cohesion failure within the adhesive (Yu et 
al., 2012, Zhou et al., 2015). Figure 7.15 shows the failed CFRP-to-steel bonded joints in the current 
study. Except Test-1, which failed due to delamination of the CFRP plate caused by an alignment 
error, and Test-9, which failed as adhesion failure at the adhesive-steel interface, all the other samples 
failed due to cohesion failure within the adhesive layer. Therefore, it was concluded that for CFRP-
to-steel bonded joints using Sikadur 30, elevated temperatures up until 55 OC will not change the 
failure mode. It was also observed that the samples tested at higher temperatures have a relatively 
rougher fracture surface compared to that observed in specimens tested at lower temperatures. In the 
tests of Yu et al. (2012), the fracture surface of the specimens with nonlinear adhesives were shown 
to be rougher than those with linear adhesives. As an increase in temperature changes the behaviour 
of Sikadur 30 adhesive from linear to nonlinear, this rough fracture surface resulting at higher 
temperatures may be attributed to the nonlinear adhesive behaviour.  
7.4.2 Load-displacement  
Figure 7.16 shows the load-displacement curves of samples tested at ambient and elevated 
temperatures. Results of Test-1 and Test-9 are excluded from the results analysis hereafter since, as 
mentioned previously, they did not fail due to cohesion failure within adhesive (the desired failure 
mode in these samples). The interfacial shear slip and shear stress were calculated using Equation 
(3.1). It should be noted that the strain data was truncated when the stain at the far end started 
increasing rapidly. A contraction of the CFRP plate was seen to occur, indicated by a negative strain 
at 100mm away from the loaded end in the bonding-free CFRP plate during the temperature elevation. 
As such, a negative slip (Figure 7.16) at the loaded end (while the CFRP plate was un-gripped) was 
observed. At ambient temperature (25 oC), there was an obvious plateau of the load-displacement 
curve after the maximum load was reached. As temperature increased, the plateau became less evident. 
For samples tested at a temperature above 40oC, the load continued to increase until the ultimate 
failure. The plateau of the load-displacement curve is an indication of the bond length being longer 
than the effective bond length. The reduction of this plateau with an increase in temperature is an 
indication of the increase in effective bond length (Stratford and Bisby, 2012). At 40 oC, absence of 
the plateau in the load-displacement curve indicates that the effective bond length is larger than the 
bond length provided. Therefore, the bond strength for CFRP-to-steel bonded joints tested at 40oC 
could be higher than the present test results if a larger bond length was provided. The stiffness 
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indicated by the slope of the load-displacement curve reduces with temperature, which is expected as 
the stiffness of the adhesive layer decreases with increasing temperature. 
According to Gao et al. (2012), the bond strength of CFRP-to-concrete bonded joints at elevated 
temperature can be calculated as follows: 
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Where 1  is the slip value at the peak shear stress, f  is the bond shear strength of the interface. pE , 
pb  and pt  are the elastic modulus, width and thickness of the CFRP plate, whilst sE , sb  and st  are 
the elastic modulus, width and thickness of the steel plate. p  and s  are the thermal expansion 
coefficient of the CFRP plate and steel plate respectively. T  is the temperature change of the 
bonded joints. The values used in the calculation are listed in Table 7.2. The reference temperature 
is 25 oC. 
In the study by Gao et al. (2012), differential thermal expansion between the adherends was 
considered as the reason for the increase in bond strength of the bonded joints. A comparison of the 
test results and the theoretical predictions from Gao et al. (2012) is given in Figure 7.17. The bond 
strength of samples with a similar adhesive thickness as presented in Zhou et al. (2017a) is also 
included in this comparison. It can be seen that the test results were generally higher than the 
analytical predictions, which implies that there could be other mechanisms contributing to the load 
increase resulting from the increase in temperature, in addition to the initial stress induced by the 
different thermal expansion coefficients. It should be noted that both the temperature and the thermal 
expansion coefficient of the CFRP plate are obtained by the strain gauge measurements 100mm away 
from the loaded end. A proper measurement should be adopted to obtain a more accurate value. The 
thermal expansion coefficient value obtained is much smaller than that found in available data (0.3
×10-6) (Klamer et al., 2005b). As such, with the measured value, the effect of the difference in the 
coefficients of thermal expansion is magnified. 
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7.4.3 Strain and shear stress distribution 
The strain distributions along the bond length at different displacements for selected specimens are 
shown in Figure 7.18. Results for the other samples can be found in Figure 7A. 1. When the bonded 
joints were tested at ambient temperature and 32.5 oC, the strain at the loaded end increased with the 
displacement at the loaded end until the onset of a plateau, which indicates debonding initiation. 
Subsequently, a further increase in the plateau region was seen, indicating debonding propagation 
towards the far end. As the temperature increased, the debonding initiation point was hard to observe 
from the strain distribution, and the slope of the strain distribution curve was shown to decrease. 
When the temperature was above 40oC, it appeared that the whole bond length was active in 
transferring load, and no plateau was identified. 
The strain and interfacial shear stress distributions along the bond length when the maximum load 
was reached for the selected samples are presented in Figure 7.19a and Figure 7.19b respectively. 
Results for the other samples can be found in Figure 7A. 2. Except for the sample tested at ambient 
temperature, the activated bond length (i.e. regions with a gradient in strain distribution in Figure 
7.19a and non-zero interfacial shear stress in Figure 7.19b) when the maximum load was attained 
increased with temperature. For those samples tested at higher temperatures (>40oC), the bond length 
(200mm) was less than the effective bond length, and therefore, the maximum bond strength of the 
CFRP-to-steel bonded joints could have been higher if a longer bonding length was provided.  
The strain and interfacial shear stress distributions along the bond length for each sample when the 
external force was 30kN are compared in Figure 7.20a and Figure 7.20b respectively, as well as in 
Figure 7A. 3. Here it is even more evident that for the samples tested at 32.5oC and 40oC, the regions 
active in resisting load were smaller than that of specimens tested at 47.5oC and 50oC. Meanwhile, 
the strain gradient and the interfacial shear stress were also smaller when the samples were tested at 
47.5oC and 50oC, compared to those tested at lower temperatures. 
7.4.4 Bond-slip relations 
In this series of tests, the bond-slip relation at different locations along the bond length were extracted 
from the strain readings on the CFRP plate. As demonstrated in previous sections, the bond length of 
certain tested samples (i.e., samples tested above 40oC) was smaller than the effective bond length. 
Therefore, only the strain distributions for samples when the strain at the far end is reasonably small 
were employed to calculate the interfacial shear slip and shear stress. 
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The average bond-slip curve representing the bonded joints at a given temperature was obtained using 
a nonlinear regression analysis to best fit the curves at different positions. It should be noted that the 
curves with unusual jumps in the interfacial shear stress, especially in the bond regions close to the 
loaded end, or large negative shear stresses were excluded from the regression analysis. Data points 
used to obtain the average curve and the regressed curve for Test-2 are shown in Figure 7.21a. It was 
seen that the bond-slip relation consists of an ascending branch followed by a descending branch.  
An initial negative shear stress can be observed when the samples were tested at elevated temperatures, 
due to the different thermal expansion coefficients between the CFRP plate and steel plate. However, 
the shear stress was small compared to the maximum shear stress, indicating negligible influence of 
the initial stress state on the ultimate bond strength of the bonded joints. Similar to the tensile stress-
strain curves, the bond-slip curves also changed with temperature. Both the initial slope of the bond-
slip curves and the bond shear strength reduced with increasing temperature.  
Applying the same nonlinear regression method, the average bond-slip curves of samples tested at 
different temperatures were obtained and are shown in Figure 7.21b and Figure 7A. 4. According to 
Fernando (2010), the relationship between the interfacial fracture energy and the slip value 
corresponding to the bond shear strength can be expressed as follows: 
  0.5 2 2628 /f a aG t R N mm mm   (7.4) 
  
0.65
1 max0.3
a
a
t
mm
G
 
 
  
 
  (7.5) 
Where 
at  is the adhesive thickness in mm, aR  is the tensile strain energy of the adhesive which is 
equal to the area under the tensile stress-strain curve. 
aG  is the shear modulus of elastic adhesives. 
The maximum interfacial shear stress was found to be independent of the adhesive thickness 
(Fernando, 2010). Therefore, the normalized interfacial fracture energy, maximum interfacial shear 
stress and the slip corresponding to the maximum interfacial shear stress can be given as follows: 
 
,
, 0.5
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f norm
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G
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t
   (7.6) 
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Where ,f testG , ,f test , 1,test  are the interfacial fracture energy, bond shear strength and the slip vale 
corresponding to the maximum interfacial shear stress obtained from the tests respectively. When a 
bilinear bond-slip relation is assumed, the stiffness of the ascending branch of the curve can be 
derived as: 
 
,
,
1,
f norm
e norm
norm
K


   (7.9) 
With Equations (7.6)-(7.9), the relationship between temperature and the initial stiffness, maximum 
interfacial shear stress and the interfacial fracture energy are presented in Figure 7.22.  
It is evident from Figure 7.21 and Figure 7.22 that the reduction of the initial slope and maximum 
interfacial shear stress was smaller when the temperature was below 40oC. When the temperature 
approached the heat deflection temperature (47oC), the reduction in the elastic stiffness and bond 
shear strength became much more significant.  
For samples tested at higher temperatures (>47.5 oC), the complete bond-slip relation cannot be 
obtained since the bond length was less than the effective bond length. As previously mentioned, the 
bond strength of CFRP-to-steel bonded joints with a sufficiently long bond length is proportional to 
the square root of the fracture energy. Therefore, it can be qualitatively induced that the fracture 
energy will increase with temperature up until 47.5oC. However, as the bond-slip curves beyond this 
temperature could not be obtained, the variation of fracture energy above 47.5oC cannot be attained 
from the current test results. As such, the data points shown in Figure 7.22 above 47.5oC may not 
represent the accurate interfacial fracture energy at that temperature. More research is required to 
better understand the variation of interfacial fracture energy with temperature. 
7.5 Closure 
The effect of elevated temperature on the behaviour of CFRP-to-steel bonded joints was presented in 
this chapter. The experimental test setup developed within the scope of this work can be used to 
perform single-shear pull-off tests at different temperatures, where the thermal and mechanical 
conditions of the sample are carefully controlled and monitored. Tensile tests were carried out on 
adhesive coupons to determine the adhesive tensile stress-strain behaviour variations at elevated 
temperatures. Based on the test observations, several conclusions can be drawn:  
1. The tensile strength and elastic modulus of Sikadur 30 reduced with temperature, while the 
strain at failure increased;  
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2. The tensile elastic modulus, initial stiffness of the bond-slip curve and peak bond shear 
strength of the bonded joints reduced with the increasing temperature. However, the bond 
strength and interfacial fracture energy increased from 25oC to 47.5oC;  
3. As the bond length of the samples tested at temperatures above 47.5oC was shown to be 
smaller than the effective bond length of those specimens, a clear indication of the bond 
strength and fracture energy variation of CFRP-to-steel bonded joints at temperatures above 
47.5 oC cannot be obtained from the presented test results;  
4. Temperature effect should be considered while selecting the adhesive for bonding the CFRP 
plate to the concrete or steel substrate according the site temperature of the structure to avoid 
the potential stiffness decrease or bond strength decrease. Before that, more investigations are 
necessary to better characterize the effect of temperature on the variation of the bond-slip 
behaviour of CFRP-to-steel bonded joints with different adhesives. Longer bond length 
should be selected for such a test at elevated temperatures to get the complete bond behaviour. 
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Table 7.1 Details of tested samples 
Test 
Temperature Bond strength Thickness 
Elastic 
modulus Failure Mode 
oC kN mm GPa 
Test-1 25.0 40.0 1.58 177.2 FRP Delamination 
Test-2 25.0 40.0 1.60 176.7 Cohesion Failure 
Test-3 32.5 48.9 1.69 178.8 Cohesion Failure 
Test-4 32.5 41.8 1.68 N/A Cohesion Failure 
Test-5 40.0 53.4 1.43 179.1 Cohesion Failure 
Test-6 40.0 47.9 1.48 178.2 Cohesion Failure 
Test-7 47.5 57.4 1.55 186.5 Cohesion Failure 
Test-8 47.5 48.8 1.70 179.3 Cohesion Failure 
Test-9 47.5 43.5 1.69 184.9 Adhesion Failure 
Test-10 50.0 47.2 1.67 184.8 Cohesion Failure 
Test-11 55.0 31.7 1.58 173.9 Cohesion Failure 
Test-12 55.0 30.4 1.57 173.5 Cohesion Failure  
Note: Cohesion failure represents the cohesion failure within adhesive; Adhesion failure means the 
adhesion failure at the steel-adhesive interface 
 
Table 7.2 Parameters used in the prediction 
pE  pb  pt  p  sE  sb  st  s  f  1  fG  
GPa mm mm (oC)-1 GPa mm mm (oC)-1 MPa mm N/mm 
180.0 50.0 1.2 -2.1×10-5 200.0 150.0 19.0 1.2×10-5 17.8 0.04 1.6 
Note: Meaning of the symbols can be found in the notation list 
 
233 
 
 
Figure 7.1. Tensile coupon preparation: (a) Mould for specimen fabrication, (b) Casted tensile 
coupons, (c) Vacuuming curing, (d) Demoulded samples 
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Figure 7.2. Preparation of CFRP-to-steel bonded joints: (a) Marking the bonding region, (b) 
Masking taping the bonding region, (c) Scrape adhesive on both steel plate and CFRP plate, (d) 
Curing, (e) Instrumented sample 
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Figure 7.3. Adhesive thickness measurement 
 
Figure 7.4. Test set-up for the tensile coupon test: (a) tensile test of the adhesive coupons and the 
Aramis instrumentation, (b) gripping configuration. 
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Figure 7.5. Test set-up of the single-shear pull-off test 
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Figure 7.6. Photograph during single-shear pull-off test: (a) front view, (b) back view 
 
Figure 7.7. Instrumentation for the temperature calibration: (a) adhesive coupons, (b) CFRP-to-
steel bonded joints 
Insulation
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TC-Inside1
TC-Inside2
TC-Surface
(a) (b)
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Figure 7.8. Test instrumentation: (a) adhesive coupon, (b) CFRP-to-steel bonded joints 
 
Figure 7.9. The temperature inside and outside of adhesive coupon 
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Figure 7.10. Temperature control system: (a) eight-channel heating pad, (b) temperature data 
acquisition 
 
Figure 7.11. The temperature profile of the first control method 
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Figure 7.12. The temperature profile of the second control mode 
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Figure 7.13. Failed adhesive coupons: (a) 25 oC, (b) 35 oC, (c) 40 oC, (d) 45 oC, (e) 55 oC 
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Figure 7.14. The tensile stress-strain curve of Sikadur 30 at different temperatures 
 
 
Test-1, 25℃，40.0kN Test-2, 25℃，40.0kN
Test-3, 32.5℃，48.9kN Test-4, 32.5℃，41.8kN
243 
 
 
 
 
 
Figure 7.15. Failed CFRP-to-steel-bonded joints 
 
Test-5, 40℃，53.4kN Test-6, 40℃，47.9kN
Test-7, 47.5℃，57.4kN Test-8, 47.5℃，48.8kN
Test-9, 47.5℃，43.5kN Test-10, 50℃，47.2kN
Test-11, 55℃，31.7kN Test-12, 55℃，30.4kN
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Figure 7.16. Load-displacement of samples tested at different temperatures 
 
Figure 7.17. Comparison of test results and the theoretical prediction 
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Figure 7.18. The strain distribution for different samples: (a) 25.0 oC-Test2, (b) 32.5 oC –Test3, (c) 
40.0 oC –Test5, (d) 47.5 oC –Test7, (e) 50.0 oC –Test10, (f) 55.0 oC –Test11 
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Figure 7.19. (a) Strain distribution, and (b) shear stress distribution along the bond length at the 
maximum load 
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Figure 7.20. (a) Strain distribution, and (b) shear stress distribution when the external load is 30kN 
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Figure 7.21. (a) Bond-slip relation through regression, (b) comparison of bond-slip relation at 
different temperatures 
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Figure 7.22. The relationship between the (a) initial elastic stiffness, (b) maximum interfacial shear stress, (c) interfacial fracture energy with the 
temperature 
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Appendix 7A 
 
Figure 7A. 1. The strain distribution for different samples: (a) 25.0 oC-Test2, (b) 32.5 oC –Test4, 
(c) 40.0 oC – Test6, (d) 47.5 oC – Test8, (e) 50.0 oC – Test10, (f) 55.0 oC – Test12 
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Figure 7A. 2. (a) Strain distribution and, (b) shear stress distribution at the maximum load 
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Figure 7A. 3. (a) Strain distribution, and (b) shear stress distribution when the external load is 
30kN 
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Figure 7A. 4. Comparison of bond-slip relation at different temperatures 
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Chapter 8. The bond behaviour of CFRP-to-steel bonded joints at 
elevated temperature: Theoretical study 
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Chapter 8.  The bond behaviour of CFRP-to-steel bonded joints at 
elevated temperature: Theoretical study 
8.1 Introduction 
The study presented in Chapter 7 provided a good understanding on the effect of elevated temperature 
on the behaviour of CFRP-to-steel bonded joints, where failure is governed by cohesion failure within 
the adhesive. Tensile coupon tests of the adhesives showed that, while the tensile modulus and tensile 
strength reduced with increasing temperature, tensile strain capacity tends to increase with 
temperature. Single-shear pull-off tests carried out at elevated temperatures showed that the bond 
strength initially increased with the temperature, and then decreased. However it was also shown that 
the effective bond length also increased with temperature, and therefore the decrease in bond strength 
may also be due to insufficient bond length.  
For CFRP-to-steel bonded joints with sufficient bond length and failing through cohesion failure 
within the adhesive, the bond strength is directly related to the mechanical properties of the adhesive, 
and more specifically the strain energy of the adhesive. Therefore, in order to determine the effect of 
elevated temperature on the bond strength of CFRP-to-steel bonded joints, the effect of temperature 
on the strain energy of the adhesive should first be understood. Existing studies have shown that for 
certain adhesives, strain energy may decrease with increasing temperature (Walander (2013)), whilst 
for other adhesives, strain energy may increase with increasing temperature (e.g. Sikadur 30 adhesive 
as presented in Chapter 7). However, for the adhesives commonly used in civil engineering 
applications, reliable data is currently not available on the variation of strain energy, and hence the 
interfacial fracture energy of bonded joints with varying temperatures. In addition, except for the 
work presented in the previous chapter (Chapter 6), no existing data is available on the effect of 
temperature on the bond-slip behaviour of CFRP-to-steel bonded joints. However, looking at the 
general trends of the bond-slip behaviour with varying temperatures, it is possible to investigate the 
effect of such general trends on the bond strength, and thus develop recommendations on the 
performance requirements for adhesives in different temperature conditions. 
In this chapter, a theoretical study on the behaviour of CFRP-to-steel bonded joints with temperature 
dependent bond-slip relations was undertaken using FDM. The effect of different fracture energy 
variation trends and thermal and mechanical loading rates on the behaviour of CFRP-to-steel bonded 
joints was also investigated.  
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8.2 Problem description 
An idealized CFRP-to-steel bonded joint is shown in Figure 8.1. Both adherends were assumed to be 
subjected only to axial forces. The thickness of all constituents was assumed to be constant along the 
length. The adhesive layer was assumed to be subjected to uniform interfacial shear stresses across 
the thickness, as commonly assumed in well accepted interfacial stress solutions of similar bonded 
joints (Smith and Teng, 2001, De Lorenzis et al., 2013, Fernando et al., 2014). A bilinear bond-slip 
model (Figure 8.2) was adopted, as in many other studies (Lu et al., 2005, De Lorenzis et al., 2013, 
Fernando et al., 2015), to represent the bond-slip relation of the CFRP-to-steel bonded joints. No 
damage was assumed within the linear ascending branch of the bond-slip curve, while damage 
elasticity with linear unloading/reloading as shown in Figure 8.2 was assumed within the softening 
range (i.e., descending branch of the bond-slip curve). The damage elasticity assumption was made 
so as to obtain a simple solution based on the currently available data, as temperature effects on 
damaged plasticity behaviour of bond-slip models are still unknown. For an interface with a load 
applied prior to the temperature change, it was assumed that the temperature elevation alone will not 
change the damage state of the interface (Figure 8.2). 
8.3 FDM formulation 
The FDM approach adopted in this paper is similar to the approach described in Carrara and Ferretti 
(2013), and to that presented in Chapter 6 of the current thesis. For completeness, the FDM solution 
for simulating the behaviour of CFRP-to-steel bonded joints under mode II loading is briefly 
presented in this section. Further details of the FDM can be found in Carrara and Ferretti (2013). 
Considering the equilibrium of the segment shown in Figure 8.1, the governing equation for a CFRP-
to-steel bonded joint can be expressed as follows: 
 0
p
p
d
dx t
 
    (8.1) 
Where 
p  and pt  are the axial stress and thickness of the CFRP plate respectively, and   is the 
interfacial shear stress induced within the element of consideration. 
The slip between the CFRP plate and the steel substrate can be written as the difference between the 
displacement of CFRP plate pu  and the steel substrate su .  
 
p su u     (8.2) 
The first derivative of Equation (8.2) with respect to x can be written as: 
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 p s
dud du
dx dx dx

    (8.3) 
Assuming linear elastic behaviour for both CFRP and steel, the following relationship can be derived 
for the axial stresses in the CFRP plate (
p ) and the steel substrate ( s ) with a temperature change:  
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p p p
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E T
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  (8.4) 
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  (8.5) 
In which 
pE  and sE  represent the elastic modulus of the CFRP plate and steel substrate respectively, 
and 
p  and s  are the thermal expansion coefficients of the CFRP plate and steel substrate 
respectively. Any thermal expansion in the adhesive layer was neglected due to the significantly lower 
stiffness of the adhesive layer compared to that of the adherends.  
Meanwhile, the axial stress of the CFRP plate and the steel substrate can be calculated using the axial 
force N as: 
 
p
p
N
A
    (8.6) 
 s
s
N
A


   (8.7) 
Where 
pA  and sA  are the cross-sectional area of the CFRP plate and steel substrate. Combination of 
Equations (8.3)-(8.7) yields: 
 
p s
p p s s
d N N
T T
dx E A E A

         (8.8) 
Equation (8.8) can be rewritten as: 
  
1 1
p s
p p s s
d
N T
dx E A E A

 
 
      
 
  (8.9) 
In order to get an approximation of the first derivative of the slip and axial force, the interface is 
discretised into n  segments, as shown in Figure 8.3. An approximation of the differential Equations 
(8.1) and (8.9) can then be obtained as follows: 
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Where nh  is the distance between two adjacent nodes, and     is the constitutive relationship 
between the interfacial shear stress and the interfacial slip which can be given as: 
    1 eD K      (8.12) 
In which eK  is the initial slope of the bond-slip relation and D  is the damage parameter assuming 
elastic damage, defined as follows:  
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Where 1  and f  are the slip value corresponding to the maximum shear stress and full failure 
respectively. 
Substituting the Equation (8.12) above into Equation (8.10) yields: 
 
1
1 11 1 0
2 2
i i
i i i i
f p
n n
N N
K b K b
h h
 

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In which  1
i
i
eK D K  . 
Similarly, Equation (8.11) can be rewritten as: 
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1
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  (8.15) 
Writing Equations (8.14) and (8.15) into matrix form will return: 
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 (8.16) 
Different boundary conditions can be considered with regards to the test control method applied, i.e., 
1) Loaded end force driven method: 
 1 1
1 0 0 0 0
,    ,    =
0 0 1 0
n l
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  (8.17) 
2) Loaded end displacement driven method: 
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3) Free end displacement driven method:  
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The differential equations can be expressed in the compressed form as follows: 
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Among which, jU  is the axial force and slip at the node j and jR  is the external force and thermal 
expansion at node  j. jJ  and jQ  are the matrix blocks composed of the first and second two rows of 
the elements in Equation(8.16), that is: 
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Equation (8.16) can be also rewritten as: 
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The detailed process on solving  Equation (8.22) can be found in Martinelli and Caggiano (2014). For 
a given temperature, the bond-slip relation is updated in every step of the calculation process. The 
boundary conditions were selected according to the test control mode.  
8.4 Verification of the FDM 
8.4.1 Numerical modelling 
To verify the FDM presented in the above section, the bond behaviour of CFRP-to-steel bonded joints 
under monotonically increasing load at a constant temperature, followed by sustained load and 
temperature increase, followed by monotonically increasing load until failure at constant temperature, 
was investigated. Both a temperature independent bond-slip relation (called constant bond-slip 
relation hereafter) and a temperature dependant bond-sip relation (called varying bond-slip relation 
hereafter) were considered to investigate the influence of varying bond-slip relations. Results from 
the FDM were compared with the results from a FEM. In the FEM, both the CFRP plate and steel 
plate were modelled as truss elements, while the adhesive was modelled using 2-D cohesive elements 
(Chen et al., 2012). A temperature dependent bond-slip relation was implemented with the cohesive 
element by specifying the bond-slip relations at different temperatures. The cohesive elements were 
tied with the CFRP plate and the steel plate. The CFRP plate was constrained in the vertical direction 
to avoid any peeling effect. 
Based on the preliminary test results on CFRP-to-steel bonded joints with Sikadur 30 adhesive (Zhou 
et al., 2017) and the test results presented in Chapter 7, a nonlinear regression (outliers shown in 
Figure 8.4 were excluded from analysis) was conducted to obtain the relationship between 
temperature and the elastic stiffness ( eK ), the maximum interfacial shear stress ( f ) and the 
interfacial fracture energy ( fG ) (Figure. 8.4) as follows: 
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Given these three parameters above (i.e., , ,e f fK G  ), the bond-slip relation can then be determined. 
It can be seen from Equations (8.23)-(8.25) that f  and eK  decrease monotonically with increasing 
temperature, while fG  increases first and then decreases. 
Equation (8.23)-(8.25) are derived from limited test results on CFRP-to-steel bonded joints at 
elevated temperatures, and therefore may not represent the true variation of bond-slip parameters with 
temperature. Nevertheless, such a model was deemed adequate in qualitatively demonstrating the 
effect of varying bond-slip behaviour on the behaviour of CFRP-to-steel bonded joints at varying 
temperatures. The geometry and material parameters used in this analysis are listed in Table 8.1.  
In the simulation, loading and temperature changes were applied in following three steps:  
Step 1: temperature was kept at a constant value of 22 oC while the load was increased from 
0kN to 20kN;  
Step 2: the load was kept constant at 20kN and the temperature was increased to 42oC;  
Step 3: after the temperature reached 42oC, the temperature was kept constant and the load 
was increased until failure.  
In the FDM, for steps 1 and 2, the boundary conditions are given in Equation (8.17), while Equation 
(8.18) was used for Step 3. If the full-range behaviour of the bonded joints is desired, Equation (8.19) 
can be used as the boundary conditions for Step 3. 
8.4.2 Load-displacement behaviour 
The load-displacement curves predicted from the FDM and FEM with varying bond-slip relations 
were compared in Figure 8.5. In the FDM model, the behaviour of the bonded interface was modelled 
using nonlinear springs connecting nodes between the CFRP plate and the steel plate. The behaviour 
of the spring was defined using the bond-slip relationship. In the FEM, cohesive elements were used 
to model the behaviour of the bonded interface. As shown in Figure 8.5, a good agreement was 
achieved between the two methods. 
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A comparison of the bond-slip relations at two different nodes (as illustrated in Figure 8.3) for both 
the FEA and FDM with varying bond-slip relation are given in Figure 8.5 and Figure 8.6. As can be 
seen in both figures, a good agreement between the FEM and FDM was achieved. Based on the above 
results, the FDM model proposed in this paper was considered to be accurate in modelling the 
behaviour of CFRP-to-steel bonded joints at varying temperatures. 
8.4.3 Effect of temperature dependant bond-slip behaviour 
In order to determine the effect of a varying bond-slip relation, the behaviour of a CFRP-to-steel 
bonded joint with a constant bond-slip curve was compared to that of the same bonded joint when 
bond-slip behaviour was assumed to vary with temperature as given in Equation (8.23)-(8.25). The 
load-displacement curves are compared in Figure 8.5. It can be observed that when a varying bond-
slip relation was used, the bond strength was significantly higher than when a constant bond-slip 
relation was used. This is essentially due to the fracture energy increasing with increasing temperature 
in the model with a varying bond-slip relation.  
Moreover, during the temperature elevation process at constant load, the displacement at the loaded 
end decreased when a constant bond-slip relation was used. In contrast, when a varying bond-slip 
relation was used, displacement at the loaded end was shown to decrease slightly and then increase. 
When a constant bond-slip model was used, the stiffness of the adhesive layer was assumed to be  
constant throughout the temperature elevation process under constant load. Therefore, due to the 
differential thermal expansion of the CFRP and steel (CFRP with a lower thermal expansion 
coefficient than steel), a negative slip in the bonded interface (i.e., opposite direction to the movement 
due to axial load) resulted, thus reducing the overall slip value at the loaded end. However, when the 
stiffness and the maximum interfacial shear stress of the bond-slip curve was assumed to reduce with 
the temperature, the reduction in the stiffness tended to cause an increase in the interfacial slip for a 
given load, thus counteracting the decrease in slip resulting from the difference in thermal expansions 
of CFRP and steel. Since the rate of initial stiffness reduction was slow, the slip increase induced by 
the stiffness reduction was less than the increase in negative slip caused by the temperature increase, 
and thus, an initial decrease in the overall slip decrease was observed. 
The bond-slip relations at two different nodes (as illustrated in Figure 8.3) from the FEM and the 
FDM with varying bond-slip relation are compared with the results from the FEM with a constant 
bond-slip relation and the bond-slip relation at 42oC in Figure 8.6 and Figure 8.7. In Figure 8.6, 
when the temperature increased with a constant applied load (i.e., Step 2), a reduction in the slip in 
the local bond-slip behaviour was observed in the FEM with constant bond-slip relation. When the 
load increased, the slip started to increase, and then followed the envelope curve of the constant bond-
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slip relation (Figure 8.6). The bond-slip behaviour at Node 1 from the FEM and FDM models with 
varying bond-slip relation tends to initially follow the bond-slip curve at 22oC until the temperature 
increase was applied (Figure 8.6). Once the temperature was increased, even though the load was 
kept constant, a reduction in the interfacial shear stress and corresponding increase in the shear slip 
could be observed. However, under the constant bond-slip assumption, the curve deviates from the 
envelope curve at 22oC, and the slip tends to increase when the temperature increase was applied 
during unloading of the bond-slip curve. Further away from the loaded end, i.e., node 2, the interfacial 
shear stresses were found to be minimal before the temperature increased, and the bond-slip curve 
followed the curve at 22oC. Once the temperature was increased at a constant load, the interfacial 
shear stresses and shear slip increased, however a reduction in the stiffness was observed in the local 
bond-slip curves in the models with a varying bond-slip relation. Once the temperature reached 42oC, 
the local bond-slip curves from the models with varying bond-slip relation converged towards the 
bond-slip curve at 42oC (Figure 8.7). A comparison of the local bond-slip behaviour of nodes 1 and 
2 (i.e., Figure 8.6 and Figure 8.7) from the FEM and FDM with a varying bond-slip relation indicates 
that the final bond-slip behaviour at a node depends on both the temperature variation as well as the 
applied load.  
Comparisons of the evolution of the damage parameter with slip at both the loaded end and far end 
are given in Figure 8.8 and Figure 8.9 respectively. The damage parameter was obtained from the 
bond-slip curves at different temperatures at respective locations for both the FEM and FDM models. 
The variation of the damage parameter with slip in the models with constant and varying bond-slip 
relations remained similar until Step 2, when the temperature was increased while load was kept 
constant. In Figure 8.8, it is clearly seen that while the damage parameter remained constant during 
the temperature increase, the slip from the models with a constant bond-slip relation decreased, while 
the slip from the models with a varying bond-slip relation increased. This results in a completely 
different variation of damage parameter with slip between the models with constant and varying 
bond-slip relations under the case of further increasing load until debonding while temperature 
remains constant.  
From the results and discussions presented in this section, it is clear that the localized bond-slip 
behaviour is affected by both temperature variations and loading conditions. Therefore, using a 
constant bond-slip relation to predict the behaviour of CFRP-to-steel bonded joints under 
varying/elevated temperature is not appropriate. In order to accurately capture the bond behaviour, a 
temperature dependant bond-slip relation should be used. 
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8.5 Effect of the combination of different mechanical and thermal loading rates 
The previous section (Section 8.4) verified the FDM presented in this paper for analysing the 
behaviour of single-shear pull-off tests under mode II loading, and demonstrated the significance of 
considering temperature dependence of the bond-slip behaviour in analysing CFRP-to-steel bonded 
joints. This section takes a close look at the effect of temperature dependent fracture energy and 
loading and heating rates on the behaviour of CFRP-to-steel bonded joints. In order to minimize any 
effects due to insufficient bond-length, a significantly large bond length, i.e. 600mm, was assumed 
for all analyses undertaken in this section. To investigate the effects of loading and heating rates on 
the behaviour of CFRP-to-steel bonded joints, 3 different temperature-to-load rates as shown in 
Figure 8.10 were used in this section. Temperature was assumed to linearly increase until 75 oC (at 
0.212s) and then kept constant. Three different load cases, i.e., L-Case 1, L-Case 2 and L-Case 3 at 
displacement rates of 3mm/s, 10mm/s and 25mm/s were used in the analysis. 
The change in properties of the adhesive were obtained using the test data presented in Walander 
(2013). As indicated in Walander (2013), the elastic stiffness, peak shear stress, and fracture energy 
decreased with temperature (as shown in Figure 8.11a, b and c). In order to demonstrate the effect 
of fracture energy increase with temperature, an assumed adhesive with the same elastic modulus and 
peak shear stress, but opposite fracture energy to that obtained from Walander (2013) was used 
(Figure 8.11a, b and d). CFRP-to-steel bonded joints were analysed using the FDM procedure 
described previously in this chapter (Section 8.3). Thermal loading was applied to the whole bonded 
joint while mechanical loading was applied at the loaded end. 
Figure 8.12 shows the load-displacement curve of the CFRP-to-steel bonded joints for both cases of 
fracture energy decreasing and increasing with temperature. For both scenarios, the ultimate load of 
the CFRP-to-steel bonded joint under different loading-to-heating rates tends to converge to the same 
value once the final temperature is reached (Figure 8.12). However, the ultimate loads in the fracture 
energy increasing scenario were larger than that in fracture energy decreasing scenario. In addition, 
the load-displacement behaviour of the bonded joints were shown to be dependent on the loading-to-
heating rate, with the L-Case2 and L-Case3 curves in the fracture energy decreasing scenario showing 
an initial load increase followed by a load decrease with an increase in displacement (Figure 8.12a). 
The load-displacement curve of L-Case1 to 3 in the fracture energy increasing scenario (Figure 8.12b) 
showed different behaviour, with the load always increasing or remaining constant with an increase 
in displacement. In order to explain these differences in load-displacement behaviour, it is important 
to look into the local bond-slip behaviours at different points along the bond length of CFRP-to-steel 
bonded joints. 
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A comparison of the bond-slip relations at the loaded end (i.e., 0lX mm ) and 100mm away from 
the loaded end (i.e., 100lX mm ) for each loading case is depicted in Figure 8.13 for the fracture 
energy decreasing scenario and in Figure 8.14 for the fracture energy increasing scenario. In both 
scenarios and all load cases, the bond-slip behaviours were found to vary between the bond-slip 
curves at 22℃ and 75℃. In both the fracture energy decreasing and increasing scenarios, the peak 
shear stress of the bond-slip curve at 0lX mm  was found to be higher than that at 100lX mm . 
This difference in peak interfacial shear stress tends to reduce with an increase in the load rate-to-
temperature rate ratio. The axial strain distribution along the bond length depends on the applied load 
and the local bond-slip behaviour. For a given load, the slip at the loaded end will be higher than the 
slip at a point away from the loaded end. Therefore, the loaded end will always reach the peak 
interfacial shear stress earlier than the bonded interface at 100lX mm . The temperature at which 
the bonded interface at the loaded end will reach a certain interfacial shear stress will always be lower 
than the temperature at which the bonded interface at 100lX mm  reaches the same interfacial shear 
stress. Therefore, considering the difference in temperature between the loaded end and 100lX mm  
when the same stress value is reached, and the fact that the increase in temperature tends to reduce 
the interfacial shear strength, the peak interfacial shear strength at 100lX mm  can be expected to be 
lower than that at the loaded end. An increases in the loading-to-heating rate reduced the difference 
in temperature when the peak interfacial shear stress was reached at points 0lX mm  and 
100lX mm , thus reducing the difference in peak interfacial shear stress. The slip at debonding was 
shown to be the same at 0lX mm  and 100lX mm  when the loading-to heating rate is low (Figure 
8.13a and Figure 8.14a), but was shown to reduce for higher loading-to-heating rates (Figure 8.13b 
and c and Figure 8.14b and c). For higher loading-to-heating rates, the reduction in slip at debonding 
was more pronounced for the increasing fracture energy scenario. In the bond-slip models used in the 
fracture energy increasing scenario, a significant increase in the slip at debonding was observed, 
which essentially results in the pronounced differences in slip at debonding observed in Figure 8.14b 
and c. 
In both scenarios, the overall difference of the bond-slip behaviour at two different points, 0lX mm  
and 100lX mm , becomes less significant in L-Case 3. The slip at debonding in the fracture energy 
increasing scenario was larger than that in the fracture energy decreasing scenario. A comparison of 
the bond-slip relation at the loaded end between the different load cases is presented in Figure 8.15. 
It is seen that the resulting bond-slip relation varies when the mechanical loading rate is different in 
both fracture energy increasing and decreasing scenarios. Specifically, the ultimate slip decreases 
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when the mechanical loading rate is increased. Considering that when the mechanical loading rate is 
higher, debonding will occur at a lower temperature thus resulting in a lower debonding slip than 
when the mechanical loading rate is lower, the bonded interface is able to reach a higher temperature 
for a given load, and thus a higher debonding slip. This difference in slip for different loading rates 
far less pronounced for the fracture energy decreasing scenarios, which is expected as the difference 
in ultimate slip of the bond-slip relation with increasing temperature is also less significant when 
fracture energy decreased with temperature. 
The ultimate load of a CFRP-to-steel bonded joints with an adequate bond length subjected to mode 
II loading is proportional to the square root of the interfacial fracture energy (Fernando et al., 2014). 
Trends shown in Figure 8.13 and Figure 8.14 clearly indicate that the resulting bond-slip behaviour 
varies along the bond length. This also infers that that fracture energy varies along the bond length. 
Figure 8.15 shows that the bond-slip behaviour, and thus the fracture energy, also varies with the 
loading-to-heating rate. From the above observations, it is clear that the fracture energy at the loaded 
end may not necessarily govern the ultimate load of the bonded joints. Under different combinations 
of fracture energy variation and loading-to-heating rates, the slip at the ultimate load tends to vary 
(Figure 8.12). It is evident that when the bond-slip behaviour at the loaded end for L-Case 2 (Figure 
8.15a) and the load-displacement curve of the fracture energy decreasing scenario for L-Case2 
(Figure 8.12a) are compared, the ultimate load was reached when the loaded end displacement was 
0.62mm, which is smaller than the slip at debonding at the loaded end (0.65mm) (Figure 8.15a). 
Conversely, for the fracture energy increasing scenario with L-Case2, the ultimate load was reached 
when the loaded end slip was 2.12mm, which is greater than the debonding slip at the loaded end 
(0.81mm) (Figure 8.14b). This can be further illustrated by looking at the interfacial shear stress 
distributions of the CFRP-to-steel bonded joint under L-Case2 at different loading points of the load-
displacement curve for (Figure 8.16). 
At both points A and B, the interfacial shear stresses at the loaded end are non-zero, thus indicating 
no debonding at the loaded end. However, as the displacement further increased to point C, the 
interfacial shear stress close to the loaded end was found to be zero, indicating debonding within that 
region. It can also be noted that from point A to B, even though the load increased, the peak interfacial 
shear stress reduced. However, as debonding at the loaded end had not been reached, further transfer 
of stresses contributed towards increasing the total load. Regions close to the free end also showed 
shear stresses, which is due to the difference in thermal expansion of the CFRP and steel plate. 
The above discussion leads to following conclusions: 
1) The resulting fracture energy varies along the bond length and is dependent on the rate of 
fracture energy variation with temperature, as well as the loading-to-heating rate. 
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2) The ultimate load of the bonded joint may not necessarily be dependent on the resulting 
fracture energy at the loaded end, and is significantly dependent on the variation of the bond-
slip behaviour along the bond length.  
3) Provided an adequate bond length exists, the load capacity at the final temperature is 
independent of the loading-to-heating rate and is dependent on the interfacial fracture energy 
of the final temperature. 
8.6 Effect of bond length 
The analysis presented in the previous section (Section 8.5) minimized the effect of bond length by 
selecting a sufficiently large bond length. In that study, it was revealed that the bond-slip behaviour 
varies along the bond-length, thus indicating that for bonded joints with shorter bond lengths, the 
bond length may affect the bond behaviour. In order to investigate this, the behaviour of a CFRP-to-
steel bonded joint with a bond length of 50mm was analysed using the previously outlined FDM 
procedure. The bond length selected, 50mm, was lower than the effective bond length at 22 oC (i.e., 
83.5mm). Another three loading cases , i.e., and 0.3mm/s, 0.6mm/s and 0.9mm/s were used in the 
analysis (Figure 8.17). These new loading rates, which were lower than the loading rates used in the 
previous section, were adopted to ensure an adequate temperature difference is reached before full 
damage occurs within the selected shorter bond length. Except for bond length and mechanical 
loading rate, all other parameters were kept equal to those of the 600mm long specimens discussed 
in the previous section (Section 8.5).  
Figure 8.18 depicts the load-displacement curves of the 50mm long bonded joints in both the 
increasing and decreasing fracture energy scenarios, while the maximum load carried by the bonded 
joints is given in Table 8.2. It is obvious that the maximum bond strength is less than that of the 
bonded joints with 600mm bond length, which is expected due to the shorter bond length used (which 
is less than the effective bond length at 22 oC). In both the fracture energy decreasing and increasing 
scenarios, the ultimate load tends to increase with an increase in loading-to-heating rate (Figure 8.18). 
The ultimate load for each load case also tends to be higher for the fracture energy increasing scenario 
than the fracture energy decreasing scenario.  
When the bond length is less than the elastic effective bond length (i.e., minimum bond length 
required to reach maximum elastic bond strength), the maximum bond strength is proportional to the 
maximum shear stress the far end can achieve (Fernando et al., 2014), while for any bond length 
larger than the elastic effective bond length but less than the effective bond length, the maximum 
bond strength is related to both the peak shear stress and the bond length. Therefore, the temperature-
to-loading rate will play a dominant role in determining the maximum load the bonded joints can 
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achieve. As shown in Figure 8.19 and Figure 8.20, the peak shear stress at the far end increases with 
the loading rate in both scenarios, but converges to the bond-slip relation at the final temperature. 
Figure 8.21 presents a comparison of the bond-slip behaviour at the loaded end in different fracture 
energy changing scenarios. Bond-slip relations in All loading cases exhibited the same elastic branch 
since the peak slip value was reached relatively fast compared to the temperature change considered 
in this study. A significant difference can be observed in the softening range. It should be noted that 
the bond-slip behaviour was obtained when the full-range behaviour of the bonded joints was 
calculated for the case of a bond length shorter than the effective bond length (Fernando et al., 2014). 
8.7 Application of this knowledge in CFRP-to-concrete bonded joints 
It has been shown that the bond behaviour of FRP-to-steel bonded joints is affected by both the 
temperature elevation rate and the mechanical loading rate. For FRP-to-concrete bonded joints, such 
effects may also be important, in addition to the need to consider that the failure mode may shift from 
cohesion failure within concrete to the adhesion failure at the FRP-adhesive interface. However, the 
fracture surface shift at elevated temperatures essentially reflects the change of fracture energy 
associated with a fracture surface and further the bond-slip relation. With this consideration, the study 
provided in this chapter will still be applicable if the bond-slip relation of FRP-to-concrete bonded 
joints at elevated temperature is known and only the bond-behaviour is of concern.  
8.8 Closure 
This chapter has presented a study aimed at investigating the behaviour of CFRP-to-steel bonded 
joints under mode II loading and subjected to elevated temperatures. In order to shed light on the 
effect of different parameters which may affect the behaviour of CFRP-to-steel bonded joints, the 
effect of bond-slip behaviour, loading-to-heating rate and the bond length were studied. In order to 
carry out the analysis, an FDM method was proposed and verified using an FEM.  
A comparison of the FEM and FDM results verified the suitability of the FDM method in studying 
the effect of temperature dependent bond-slip relations on the behaviour of CFRP-to-steel bonded 
joints under elevated temperatures. From the results presented in this paper, the following conclusions 
can be drawn: 
1) The FDM adopted can give satisfactory accuracy in modelling the full-range behaviour of 
FRP-to-steel bonded joints with varying temperatures; 
2) The use of a temperature dependent bond-slip relation was shown to have a significant effect 
on the behaviour of CFRP-to-steel bonded joints under mode II loading and subjected to 
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elevated temperatures. Using a constant bond-slip behaviour may lead to errors in predicting 
the accurate bond behaviour; 
3) Provided adequate bond length exists, the bond strength of the CFRP-to-steel bonded joints 
at the final temperature depends only on the interfacial fracture energy at that final 
temperature; 
4) The resultant bond-slip behaviour of the bonded interface varies along the bond length and is 
dependent on the loading-to-heating rate; 
5) Bond-length and loading-to-heating rate may affect both the ultimate load as well as the load-
displacement behaviour of the CFRP-to-steel bonded joint. 
This study was based on assumed bond-slip relation variations with temperature. In order to better 
understand and assess the behaviour of CFRP-to-steel bonded joints, a better understanding of the 
variation of bond-slip parameters, i.e., initial stiffness, peak shear stress, and interfacial fracture 
energy with temperature is necessary.   
In addition, in the bond-slip models used in this study, damage elasticity was assumed, which has 
been shown previously to be incorrect. While this assumption may not affect the results under 
monotonically increasing loads and temperatures, when temperature cycles (increasing and 
decreasing) and loading cycles (increasing and decreasing) are applied, a temperature dependent 
bond-slip model accounting for damage and plasticity should be used. Such a model does not exist at 
this stage, and thus more research is required to develop such constitutive models to accurately 
capture the bonded interface behaviour under cyclic temperature and loading conditions. 
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Table 8.1 Parameters used in the numerical simulation 
pE  pb  pt  p  sE  sb  st  s  L  
(MPa) (mm) (mm)  
1
oC

  (MPa) (mm) (mm)  
1
oC

 mm 
165000.0 50.0 1.2 2.15e-06 200000.0 150.0 19.0 1.20e-05 300 
Note: Meaning of the symbols can be found in the notation list 
 
Table 8.2 The bond strength in short bond length case 
Loading 
Case 
Bond strength (kN) 
Fracture energy decreasing Fracture energy increasing 
S-Case1 44.7 48.3 
S-Case2 51.6 54.4 
S-Case3 54.7 56.9 
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Figure 8.1. Idealized FRP-to-steel bonded joints 
 
Figure 8.2. The damage parameter evolution when temperature changes 
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Figure 8.3. (a) The simulated FRP-to-steel bonded joints, (b) Comparison between FEM and FDM 
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Figure 8.4. The relationship between (a) Initial elastic stiffness, (b) the maximum interfacial shear stress, (c) the interfacial fracture energy with 
temperature 
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Figure 8.5. Comparison of the load displacement curve at the loaded end considering constant and 
varying bond-slip relation at elevated temperature 
 
Figure 8.6. The comparison of bond-slip relation close to the loaded end considering constant and 
varying bond-slip relation at elevated temperature. 
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Figure 8.7. The comparison of bond-slip relation close to the free end considering constant and 
varying bond-slip relation at elevated temperature 
 
Figure 8.8. The comparison of the evolution of damage parameter at the loaded end considering 
constant and varying bond-slip relation at elevated temperature. 
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Figure 8.9. The comparison of the evolution of damage parameter close to the free end considering 
constant and varying bond-slip relation at elevated temperature 
 
Figure 8.10. The loading profile of consideration 
278 
 
 
Figure 8.11. The property change of adhesive SikaPower-498: (a) The elastic stiffness, (b) The 
peak shear stress, (c) Fracture energy decreasing with temperature, (d) Fracture energy increasing 
with temperature 
 
Figure 8.12. Comparison of the load-displacement curve of FRP-to-steel bonded joints with 
600mm bond length in different cases: (a) decreasing fracture energy, (b) increasing fracture energy 
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Figure 8.13. The comparison of bond-slip curves at different points along the bond length (600mm) 
with decreasing fracture energy at elevated temperature: (a) L-Case 1, (b) L-Case 2, (c) L-Case 3 
 
Figure 8.14. The comparison of bond-slip curves at different points along the bond length (600mm) 
with increasing fracture energy at elevated temperature: (a) L-Case 1, (b) L-Case 2, (c) L-Case 3 
 
Figure 8.15. The comparison of bond-slip curves at the loaded point (600mm bond length): (a) 
decreasing fracture energy, (b) increasing fracture energy 
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Figure 8.16. Comparison of the interfacial shear stress of FRP-to-steel bonded joints with 600mm 
bond length in L-Case 2 (Points A, B and C are given in Figure 8.12a) 
 
Figure 8.17. The loading rate considered for short bond length 
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Figure 8.18. Comparison of the load-displacement curve of FRP-to-steel bonded joints with 50mm 
bond length in different cases: (a) decreasing fracture energy, (b) increasing fracture energy 
 
Figure 8.19. The comparison of bond-slip curves at different points along the bond length (50mm) 
with decreasing fracture energy at elevated temperature: (a) S-Case 1, (b) S-Case 2, (c) S-Case 3 
 
Figure 8.20. The comparison of bond-slip curves at different points along the bond length (50mm) 
with increasing fracture energy at elevated temperature: (a) S-Case 1, (b) S-Case 2, (c) S-Case 3. 
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Figure 8.21. The comparison of bond-slip curves at the loaded point (50mm bond length): (a) 
decreasing fracture energy, (b) increasing fracture energy 
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Chapter 9. Conclusions and recommendations for future research  
9.1 Introduction 
Strengthening of structures with EB FRP laminates has been extensively studied in recent decades.  
The majority of these studies however have primarily focused on the behaviour of strengthened 
structures under static mechanical loading. To date, limited studies have been carried out on 
understanding the behaviour of FRP-to-concrete bonded joints under fatigue cyclic loading and 
thermal loading. The work presented in this thesis aimed at addressing this gap in research by 
investigating the behaviour of FRP-to-concrete bonded joints under fatigue cyclic and thermal 
loading conditions. The behaviour of CFRP-to-concrete bonded joints under quasi-static and fatigue 
cyclic loading was investigated experimentally using a series of single-shear pull-off test specimens. 
Theoretical models were proposed to model the constitutive behaviour of CFRP-to-concrete joints 
under quasi-static and fatigue cyclic loading.  
Existing literature on CFRP-to-concrete bonded joints at elevated temperatures has shown that the 
failure mode of the bonded joints may change with an increase in temperature. Since interfacial 
fracture energy is related to the fracture surface, it was identified that in order to study the effect of 
temperature on the mechanical properties of the constituents, and therefore the interfacial fracture 
energy of the bonded joints, a consistency in fracture surface (i.e. to be within a single constituent) is 
necessary. As such, in order to investigate the effects of elevated temperature on adhesive mechanical 
properties, and therefore the interfacial fracture energy of the bonded joints failing due to cohesion 
failure within the adhesive, CFRP-to-steel bonded joints were selected. Experimental investigations 
were carried out using a series of CFRP-to-steel single-shear pull-off tests at different temperatures. 
A theoretical study was also carried out to investigate the effect of several key parameters on the 
behaviour of CFRP-to-steel bonded joints at elevated temperatures. A summary of the findings of 
each study is provided subsequently.  
9.2 Summary of findings 
9.2.1 Bond behaviour of CFRP-to-concrete bonded joints under cyclic loading  
Single-shear pull-off tests of CFRP-to-concrete bonded joints were used to investigate the bond 
behaviour of such joints under cyclic loading. The main objective was to find the constitutive 
behaviour of the bonded interface, typically given by the bond-slip relation of the CFRP-to-concrete 
interface under cyclic loading. By taking advantage of the full-field measurement of the 3D DIC 
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technique, the strain distribution along the bond length can be recorded and used to derive the bond-
slip relation. 
Experimental observations 
The experimental results showed that the failure mode of the bonded joints was sensitive to the surface 
preparation method used. When grinding of the surface was done using an angle grinder, adhesion 
failure between the adhesive-concrete surfaces was the dominant failure mode. In comparison, 
samples with needle gun grinding treatment exhibited a cohesion failure in the concrete, which is the 
desired failure mode for CFRP-to-concrete bonded joints. The stiffness of the bonded joints degrades 
with cyclic loading, which is induced by the stiffness degradation of the bond-slip relation as well as 
debonding of the CFRP plate from the concrete. The ultimate load-carrying capacity however was 
not affected by cyclic loading. This demonstrated that, provided sufficient bond length exists, 
interfacial fracture energy is not affected by cyclic loading. In addition, bond-slip relations under 
cyclic loading showed damage plasticity behaviour, which verifies that the damage elasticity 
assumption commonly used in calculating the damage parameter of bond-slip models for CFRP-to-
concrete bonded joints is incorrect.   
Numerical model 
Based on the test results, a bond-slip relation based on damage plasticity was proposed to model the 
behaviour of CFRP-to-concrete bonded interfaces under cyclic loading. The evolution of the damage 
parameter was defined as a function of the ratio between the energy dissipated in the plasticity process 
and the total fracture energy. The empirical parameters in the model were calibrated using the test 
results. The model was implemented in a FDM framework to model the global behaviour of the 
CFRP-to-concrete bonded joints under cyclic loading. A good agreement was achieved between the 
results predicted from the model and the experimental test results. 
9.2.2 Bond behaviour of CFRP-to-concrete bonded joints under fatigue cyclic loading 
Similar to the bond tests under quasi-static cyclic loading, a single-shear pull-off test setup was 
selected to study the behaviour of CFRP-to-concrete bonded joints subjected to fatigue cyclic loading. 
Limited by the time lag between the triggering signal and the camera shutter, use of the DIC was not 
suitable for capturing the strain measurements of the CFRP plate in the fatigue test. As an alternative, 
strain gauges were used to obtain the strain distribution along the bond length. To achieve a balance 
between the data size and the accuracy, a DAQ system was designed and developed in LabView. 
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Through use of this DAQ system, the strain distribution at the force peak and valley were captured 
accurately.  
Samples with varying concrete strength and CFRP laminate type were prepared and tested. Different 
load levels were applied to the bonded joints to investigate the damage accumulation rate at different 
loading amplitudes. During testing, each sample was first preloaded and then followed by fatigue 
loading. Once relatively large debonding was observed, the sample was monotonically loaded to full 
failure. 
Experimental observations 
13 samples in total were tested under fatigue loading. The test results showed that the failure mode 
was affected by both the CFRP laminate type and the load level. For samples prepared with Sika 
CarbourDur-S512 CFRP laminate, CFRP delamination was the dominant failure mode, regardless of 
the loading level applied in the test. The eventual failure mode of these samples was cohesion failure 
within the concrete. However, for samples made from MasterBrace laminates, the failure mode under 
fatigue loading was dictated primarily by the maximum applied load. When the maximum applied 
fatigue load exceeded 65% of the load-carrying capacity of the bonded joints under monotonic 
loading, cohesion failure in the concrete was the dominant failure mode. Otherwise, cohesion failure 
within the adhesive layer close to the adhesive-CFRP interface was the dominant failure mode.  
With respect to damage propagation in the bond-slip relation under fatigue cyclic loading, several 
important observations were made: a) fatigue damage starts accumulating prior to the attainment of 
the peak shear stress, b) the post-fatigue bond behaviour tends to merge to the envelop bond-slip 
relation under monotonic loading, c) the damage accumulation rate decreases with the damage level, 
and d) the damage accumulation rate in regions close to the loaded end is slower than that in regions 
far away from the loaded end.  
Numerical model 
Combined with the numerical model proposed for the bond-behaviour of CFRP-to-concrete bonded 
joints under quasi-static cyclic loading, a damage-accumulation-rate model was proposed to account 
for the damage caused by fatigue loading. The damage-accumulation-rate model was defined as a 
function of both the damage level and the load amplitude for both the unloading/reloading and 
transition stiffness’s. Empirical parameters in the proposed model were calibrated from the test results 
of the CFRP-to-concrete bonded joint samples which failed through cohesion failure within the 
concrete. The proposed model was then implemented in a FDM framework to simulate the behaviour 
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of bonded interfaces under fatigue cyclic loading. Due to the existence of compressive stress in 
regions close to the loaded end, the debonding rate obtained from the test was much slower than that 
from the numerical simulation. Therefore, within this region predictions were more conservative than 
the test results. For regions far away from the loaded end where interfacial shear stresses dominate 
the failure, a reasonable match between the predicted and measured results was achieved. 
9.2.3 Temperature effect on CFRP-to-concrete bonded joints between two intermediate cracks  
Once the behaviour of the CFRP-to-concrete bonded joints under cyclic loading was well understood, 
investigations were carried out to understand the effect of elevated temperature on the behaviour of 
bonded joints. To first understand the effect of differential thermal expansions of CFRP and concrete 
on the behaviour of CFRP-to-concrete bonded joints, an analytical investigation was carried out on 
the full-range behaviour of CFRP-to-concrete bonded joints at elevated temperature. By assuming 
both full reversal bond-slip behaviour and that the bond-slip relation of CFRP-to-concrete bonded 
joints is not affected by moderate temperatures, an analytical solution for the bond behaviour at 
different stages of the interface was obtained and verified by a FEA. The results showed that the 
effect of different thermal expansion between CFRP and the substrates could affect the load-carrying 
capacity, which is essentially due to the initial interfacial shear stress caused by the different thermal 
expansion coefficients.  
9.2.4 Temperature effect on CFRP-to-steel bonded joints  
Next the effect of temperature on the bond-slip relation was investigated. In order to ensure that the 
failure surface did not change with increasing temperature, CFRP-to-steel bonded joints were selected 
to isolate the failure to be within the adhesive. A series of adhesive coupon tests at elevated 
temperatures (35 oC, 40 oC, 45 oC and 55 oC) was first carried out to determine the mechanical 
properties of the adhesive at different temperatures.  
Once the properties of the adhesive at different temperatures were known, a series of single-shear 
pull-off tests of CFRP-to-steel bonded joints were carried out at elevated temperatures. In this series 
of tests, each sample was first heated to a predetermined temperature before quasi-static monotonic 
mechanical loading was applied until the full debonding of the bonded interface.  
A DIC system was used to measure the strain field in both the coupon tests and the single-shear pull-
off tests. The strain measurements were then used to obtain the stress-strain relationship of Sikadur 
30 and the bond-slip relations of CFRP-to-steel bonded joints at elevated temperatures. 
Experimental observations 
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From the adhesive coupon test results, it was observed that the stress-strain behaviour was linear at 
ambient temperature, but became increasingly nonlinear with increasing temperature. The stiffness 
and tensile strength of the adhesive decreased with temperature, while the ultimate strain increased 
significantly. 
All of the CFRP-to-steel bonded joints tested at elevated temperatures failed predominantly due to 
cohesion failure within the adhesive. When the temperature was below 47.5 oC (the heat deflection 
temperature of SikaDur-30, according to the manufacturer’s manual), the bond strength increased 
with temperature. However, with further increases in temperature, the bond strength decreased 
significantly. Furthermore, the effective bond length was shown to increase with temperature.  
Bond-slip relations of the CFRP-to-steel bonded joints at elevated temperatures were derived from 
the CFRP axial strain measurements. From the experimental results, it was observed that the initial 
interfacial shear stress caused by the different thermal expansion coefficients was very small 
compared to the peak shear stress. The initial stiffness and the peak shear strength of the bonded 
interface decreased with increasing temperature. Meanwhile, the slip value corresponding to the full 
failure increased with temperature until 47.5 oC, which led to an increase in the fracture energy. 
Numerical study 
An FDM was used model the behaviour of CFRP-to-steel bonded joints under mode II loading. This 
model was then used to study the effect of varying bond-slip relations on the behaviour of CFRP-to-
steel bonded joints. It was shown that the behaviour of CFRP-to-steel bonded joints is sensitive to the 
change in bond-slip relation due to temperature, and thus a temperature independent bond-slip model 
should not be used in predicting the behaviour of CFRP-to-steel bonded joints at elevated 
temperatures.  
Moreover, the effects of bond length, temperature-dependent bond-slip relation and the relative 
mechanical and thermal loading rates were investigated using the FDM based model. The results 
showed that the final load-carrying capacity of the bonded joints is determined by the fracture energy 
at the final temperature, provided sufficient bond length exists. However, the maximum load-carrying 
capacity depends on the relative mechanical and thermal loading rates. 
9.3 Future research 
1. While the framework of the damage plasticity based bond-slip model proposed in this study 
for CFRP-to-concrete bonded joints is valid in general, values of the empirical constants 
calibrated using the experimental data are only valid for FRP-to-concrete bonded joints with 
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Sikadur 30 adhesive and 64MPa strength concrete. Therefore, further studies are required to 
determine the variation of these empirical parameters with different adhesive mechanical 
properties and concrete strengths. 
2. During the fatigue cyclic loading, it was observed that the failure surface was sensitive to the 
CFRP laminate used and the loading amplitude. The scope of this study was limited to 
cohesion failure within concrete. As such, more investigations are necessary to better 
understand the change of failure surface, and therefore the change in fracture energy, for 
different types of CFRP laminates and loading amplitudes. In addition, the effect of the 
loading rate on the failure mode should also be investigated.  
3. During the fatigue loading tests, it was observed that the rate of damage propagation was 
affected by the existence of compressive stresses at the bonded interface close to the loaded 
end. While the scope of this study was limited to mode II loading, bonded interfaces of real 
structures are often subjected to mixed mode loading. Therefore, investigations are necessary 
to investigate: a) the traction-separation behaviour of bonded interfaces under mode I fatigue 
cyclic loading, and b) bond behaviour under mixed mode fatigue cyclic loading.  
4. Due to the constraints of the bond length of CFRP-to-steel bonded joints, the full bond-slip 
relation of CFRP-to-concrete bonded joints was not achieved at higher temperatures, as 
indicated in this study. More in-depth studies are necessary to investigate the effect of 
temperature on the bond-slip relation, and therefore the mode II fracture energy.   
5. Experimental investigations on CFRP-to-steel bonded joints with different structural 
adhesives should be carried out in the future. Ideally, a database which covers the bond 
behaviour of CFRP-to-steel bonded joints should be established. Furthermore, the potential 
influence of the bond behaviour of CFRP-to-steel bonded joints at elevated temperatures on 
the practical design of steel structure strengthening with different adhesives should be further 
studied.  
6. In the numerical study of the effect of temperature-dependent bond-slip relation on the bond 
behaviour of CFRP-to-steel bonded joints, bi-linear bond-slip relations were assumed at 
different temperatures, although a ductile bond-slip relation was observed in the test at higher 
temperatures. A study of the effect of the bond-slip shape on the bond behaviour should be 
carried out. In addition, experimental work should be undertaken to verify the findings of the 
numerical study. 
7. To date, no studies exist on the effect of temperature cycles on the bond-slip behaviour. As 
all exposed structures will undergo temperature cycles of some form, it is of high importance 
to understand the behaviour of bonded interfaces under these cycles.  
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8. The bond behaviour of CFRP-to-concrete or steel under combined loading conditions, such 
as combined cyclic mechanical and thermal loading or combined fatigue loading and thermal 
loading, should be explored to predict the long-term performance of FRP strengthened 
structures.  
 
 
